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ABSTRACT 
This Final Design Review (FDR) report outlines the Fuel System Flow Analysis senior project 
completed by the presenters listed. Included is research about Solar Turbines’ needs, and 
objectives for our project, our design decision process and final design, manufacturing, design 
verification report, final results, and suggestions moving forward with this experiment. The goal 
of the project is to identify stable pressure fields throughout the Solar Turbines fuel delivery 
system. Specifically, the optimal placement for taking measurements downstream of the main 
and pilot fuel control valves. The data is used to validate the accuracy of computational fluid 
dynamic (CFD) models that the team created. It was determined that the pipe segments upstream 
of the main and pilot ball valves were stable along the length of each upstream pipe and there is 
no significant pressure drop after the tee joint under both flow conditions tested. Therefore, it is 
recommended to take pressure upstream of the tee joint and downstream of each ball valve 
resulting in three pressure devices instead of the four that Solar currently uses, two on the main 
and two on the pilot. Downstream of the ball valves the vortex length, where the flow has not 
recovered from the disturbance, was determined to be about 10-11.5 inches. The 2D CFD 
predicted a 3.5-5.2% difference from experimental values. Published research predicts a vortex 
length of 9 inches for similar flow conditions. The experimental data collected provides insight 
into the flow field and vortex length, and should be used to tune CFD models for making accurate 
flow predictions.  
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1 INTRODUCTION 
The team is a group of four senior mechanical engineering students at California Polytechnic State 
University – San Luis Obispo. Our task is to assist the Systems and Packaging Engineering Team 
at Solar Turbines by designing a project for their fuel delivery system. Solar Turbines, 
headquartered in San Diego, California, manufactures turbomachinery on the global scale. A tour 
of their facility opened our eyes to the size of their turbomachinery equipment and the high level 
of engineering design analysis that keeps everything functioning safely. By understanding the 
flow within the fuel delivery system, we can predict locations to take pressure measurements for 
the most accurate flow control. With finer control of the flowrate, complete combustion can be 
achieved, leading to less harmful byproducts released to the environment. We are asked to 
determine pressure and flow measurements upstream and downstream of the main and pilot 
control valves. The optimized placement of the measuring devices will be determined using two 
methods: physical test rig, 2D and 3D computational fluid dynamics (CFD) program.  
 
The report contains the following sections: background, objectives, concept design, final design, 
manufacturing plan, design verification, project management, and conclusion. The design 
process was guided by the customer, product, and technical research highlighted in the 
background section. The objectives section contains the problem statement, design 
considerations, and a discussion for engineering specifications including how they were 
determined. Through the ideation process, a selected design direction was decided in the concept 
design section. The final design section includes a detailed description of the final design, 
followed by manufacturing section describes how we plan to build our final prototype. The 
design verification plan section outlines our planned tests and required resources. Lastly, the 
project management section documents our design process, key deliverables and project timeline, 
and steps moving forward. 
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2 BACKGROUND 
In preparation for this project, we completed three primary areas of research: customer research, 
product research, and technical research. The findings are documented in the sections below. We 
spent more time on the customer needs/wants and technical research because it applies more to 
our project than the patent and product research.  
 
2.1 CUSTOMER RESEARCH 
Through meetings and presentations with our project sponsor, we organized a list of wants and 
needs for the project. The main goal is to identify pressures throughout the system. The spot of 
significant interest is downstream of the main fuel control valve, as seen in Figure 1. The ability 
to have more accurate pressure readings at this point will grant Solar more control over the flow 
of fuel (methane) into the combustion chamber of their gas turbines.  
2.1.1 Test-Rig  
We plan to build a test-rig on Cal Poly’s campus to assist in characterizing the 
system that Solar uses. The test-rig will collect pressure and flowrate readings. The 
results from the test-rig will serve as the experimental results for the project. 
2.1.2 First Principles Analysis 
This type of approach to solving problems includes breaking down the problem 
into simple components. It is an approach that can work well with a fluids problem 
because we do not want to start with the most complex systems immediately.  
2.1.3 2D/3D Model 
2D models of the fuel metering device will be simulated in in various programs 
such as EES (Engineering Equations Solver), MATLAB and Simulink. A 3D CFD 
model will be created and tested using Fluent on the ANSYS Workbench.   
 
 
Figure 1. Simplified representation of flow through a valve. The reattachment point, RL, is the point where the flow returns to a 
fully developed state. When pressure readings are in regions of fully developed flow, the results can be considered accurate. 
 
2.2 PRODUCT RESEARCH 
Considering products and patents for fuel flow metering allowed us to better understand why 
we are performing the tests and collecting data. The patents listed below (2.2.1-2.2.5) also helped 
us understand the fuel delivery system we are simulating and learn about what competitors are 
doing to minimize the production of polluting byproducts from their turbines.  
2.2.1     Dry Low Emission (DLE) Gas Turbine by General Electric [1] 
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This device controls the fluid flow into each injector nozzle. The added control 
maintains the correct fuel to air ratio. This patent is unique because it controls the 
fuel flow into each individual injector that is downstream of the fuel distributor. 
2.2.2  Start Biased Liquid Fuel Manifold for a Gas Turbine [2] 
Provides details of the fuel delivery and manifold used by some of Solar’s turbines. 
It is a similar schematic to the one Jason Ritchie, our contact at Solar, sent us. This 
document provided insight into the components that make up the fuel delivery 
system. In particular, it confirmed that the manifold was outside of our scope. 
2.2.3     Gas Turbine Engine Fuel Metering System [3] 
This patent describes a fuel metering system for gas turbines that uses a variable 
speed drive mechanism to control fuel flow out of a metering pump. The device 
produces highly accurate metered flow without the use of a head regulator due to 
open loop scheduling for pump speed.  
2.2.4 Control of gas turbine engine by Pratt & Whitney Canada Corporation [4] 
Systems, devices, and methods for controlling fuel supply for a turbine or other 
engine using direct and/or indirect indications of power output. In short, this 
patent (shown below in Figure 2) is used by P&W to control their fuel delivery 
system while also tracking power output.  
 
Figure 2. Transfer of Information within aircraft turbine engine designed by Pratt & Whitney, 2014 [4]. 
 
2.2.5 Leaf spring damper for a turbine engine fuel delivery system by United Technologies 
Corporation [5] 
A turbine engine fuel delivery system that includes a mounting platform, a spray 
bar assembly, and a leaf spring damper with a stack of leaf springs. In essence, a 
new technology using a leaf spring damper has been created by United 
Technologies.  
 
2.3 TECHNICAL RESEARCH 
Prior to attempting to model the system in 2D or 3D, a thorough research was conducted in search 
for existing models with the goal of finding empirical equations for flow through valves and 
piping junctions. The primary condition that affects an accurate pressure reading is the vortex 
created after the ball valve, Figure 1.  
2.3.1  Alternative Control Techniques [6] 
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NOx Emissions from Stationary Gas Turbines by Environmental Protection 
Agency (EPA). This article evaluates different techniques for reducing NOx 
emissions utilized by companies that manufacture gas turbines. For our project, a 
DLE combustion design is used by Solar. This requires a process called lean 
premixed combustion because it premixes fuel with air prior to combustion. The 
result is a homogenous air/fuel mixture that minimizes localized fuel-rich pockets 
known to produce elevated combustion temperatures and increase NOx emissions. 
2.3.2  System Dynamics [7] 
One option for modeling a fluid system is an approach from System Dynamics by 
Derek Rowell and David N. Wormley. This approach uses fluid circuit diagrams 
to model the system’s pressure and flowrate using fundamental constitutive 
relationships of fluid systems. The model consists of resistances and inertances. 
Resistances are developed from valves and pipes.  Fluid inertance is a measure of 
the pressure difference in a fluid required to cause a unit change in the rate of 
change of volumetric flow rate with time. Inertance can be thought of as pressure 
momentum. In a pipe, the fluid resistances and inertance can be broken into 
sections to make a more accurate system. The law governing inertance is defined 
by energy stored in the fluid. The energy stored, ε,  
 
𝜀𝜀 =  12 𝐼𝐼𝑄𝑄2 (1) 
 
where, Q, is the volumetric flowrate (m3/s), and I is the fluid inertance (N-s2/m5) 
defined by, 
 
𝐼𝐼 =  𝜌𝜌𝜌𝜌
𝐴𝐴
 (2) 
 
where, ρ, is the density of the fluid in the system, l, is the length of the pipe, and 
A, is the cross-sectional area of the internal diameter of the pipe. The elemental 
equation for fluid inertance may be determined by differentiating Eq. 1 to obtain 
a first order differential equation. Pressure, P, is represented as, 
 
𝑃𝑃 = 𝐼𝐼 𝑑𝑑𝑄𝑄
𝑑𝑑𝑑𝑑
 (3) 
Eq. 3 represents the fundamental nature of fluid in terms of the inertance. The 
fundamental equations can create a circuit diagram that represents the dynamics 
of the system. Figure 3 and Figure 4 represent the circuit models for inertance and 
resistance, respectively. 
 
Figure 3. Fluid inertance modeled as a circuit diagram [7]. 
A fluid resistor is an energy dissipation element and has a linear elemental 
relationship, 
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𝑄𝑄 =  1
𝑅𝑅𝑓𝑓
𝑃𝑃 (4) 
where, Rf, is the fluid resistance (N-s/m5).  
 
Figure 4. Fluid resistance, Rf, can come from viscous damping of the piping, or disruptions in linear flow like a valve [7]. 
 
We can model fluid inertance and resistance as a system according to first 
principles, but this method does not allow for any in-depth analysis of the 
secondary vortex after a valve. However, the model would allow us to have a 
theoretical reference value for pressure and flowrate at steady state. We could use 
this to compare with our other models and experimental tests.  
 
Because this model, and similarly, the head loss equation, 
∆𝑃𝑃
𝐿𝐿
= 𝑓𝑓𝐷𝐷 ∙ 𝜌𝜌2 ∙ 𝑣𝑣2𝐷𝐷  (5) 
 that relates pressure drop to the frictional forces encountered in internal pipe flow, 
are for idealized flows, these equations take a holistic view of a piping system 
rather than delve into the specific flow area around points of interest such as 
through valves and junctions. These equations are useful if looking for an overall 
pressure drop but not as relevant if trying to determine vortex formation after a 
valve or separation through t junctions.  
2.3.3  Performance Test and Flow Visualization of Ball Valve [8] 
  For flows through a valve, particularly a ball valve, there are a series of vortices 
that form in the flow. It is critical that we determine where these vortices are 
located and avoid taking pressure measurements there to prevent inaccurate 
readings. According to Chern, “Three vortices can be observed in the flow field 
when the valve is not fully open. Two vortices are inside the ball valve. The other 
one is behind the exit of the ball valve. It is larger than the two inside the valve. 
The size of each vortex can be estimated.” Figure 5 depicts the location and relative 
size of the three predicted vortices. We are most concerned with the third and 
largest vortex because a flow measurement will be taken downstream of the valve.  
 
Figure 5. Three vortex locations associated with the opening of the ball valve [8]. 
 
For each vortex, there is a recirculation length after which the flow becomes 
predictable again following basic fluid flow equations. Chern continues, “[the 
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reattachment point] is not steady, so its time-averaged length determined by two 
hundred pictures is provided. Fig. 2.5 reveals the estimation of the time-averaged 
recirculation length changing with various Reynolds number and valve 
openings.” More significantly is the plot in Figure 6 which correlates the 
recirculation length to the Reynolds number of the flow as a function of ball valve 
opening.  
  
Figure 6. Lbubble /D (recirculation length/pipe diameter) related to Reynolds number of flow and valve opening [8]. 
 
2.3.4 Computational Fluid-Dynamics-Based Analysis of a Ball Valve Performance in the 
Presence of Cavitation [9] 
  Analyzes flow regime in a conventional ball valve for a 2-D case. Ball valve 
performance is numerically simulated using an unstructured CFD code. This 
article compares experimental data to the model created and achieves results that 
are in good agreement with the experimental results. The article states that the 
larger the recirculation length, the more the pressure drops, and the recirculation 
length increases as the valve opening decreases.  
2.3.5 Numerical Simulation of Turbulent Flows in Complex Geometries [10] 
   For complex geometries of components within a pipe flow system, this article 
analyzes how we can use a numerical simulation approach. A common approach 
to solving fluid mechanics problems is to use control volumes and track the 
amount of fluid (mass flow rate) passing through each control surface. As seen in 
Figure 7, by dividing a component of the flow system into small volumes, 
numerical simulations can be used to calculate across each control volume.  
 
   
Figure 7. Dividing the geometry of a sudden expansion component into control volumes [10]. 
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2.3.6 Numerical Simulation and Analysis of Ball Valve Three Dimensional Flow Based on CFD 
[11] 
The analysis done for this research paper closely models what we want from our 
project. Using Fluent, a CFD program, 3D phase flows were analyzed at 25, 50, and 
75% volume of gas gate. However, these simulations were done for gas-liquid 
mixtures and was more concerned with the gas-liquid ratio and its effect on the 
velocity. But, the methodology for modeling at three different gas rates and three 
different ball valve open heights, as seen in Figure 8, to provide a holistic picture 
for the effects of flowrate and gate height on velocity and pressure field around 
ball valves can be used. 
 
Figure 8. By plotting all nine simulated pressure fields, associations can be determined between gas rate and gate height 
relations. Top to bottom 25, 50, and 75%volume gas [11].  
 
2.3.7 CFD Modelling and Validation of Pipe Bifurcations [12] 
This paper investigates the effects of volumetric flow rates through T- junctions. 
In our boundary, there is a T-junction located at the main fuel line and the pilot 
line in the fuel line set-up. A schematic can be seen in Section 3.2. The journal notes, 
“The velocity vectors indicate that there is a significant recirculation zone in Leg 1 
(vertical leg). The recirculation is more distinct with lower Reynolds number flows 
through Leg 1. The entrance effect can also be observed in Leg 3 (left leg) as the 
flow approaches the junction where the fully developed flow branches off.” A 
visual representation of the flow with different color denoting different speeds is 
depicted in Figure 9. While no equation was given for location of these vortices, 
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we are now made aware of these areas of concern for our own testing and CFD 
modeling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. For this model, flow moves to the right from the left leg of the junction into the vertical and left legs. These are the 
velocity profiles for three different flowrate ratios between the vertical outlet leg and the left inlet leg. Flow rate ratios from left to 
right are 0.1, 0.5, and 0.9. Red regions indicate the fastest flow dark blue the slowest [12]. 
 
2.3.8 Control of Volumetric Flow-Rate of Ball Valve Using V-Port [13] 
In another research paper by Chern, referenced in section 2.3.3, the flow 
across a ball valve is once again analyzed, but with the addition of a V-
port. Because flow rates are difficult to control linearly, these external V-
ports were utilized for this purpose. CFD and experiments were 
conducted to observe flow patterns and more significantly for us, the 
location of vortices downstream of a ball valve with V-port. In short, V-
ports are a plate with a “V” cutout placed at the outlet of a valve. V- Ports 
at 30, 60, and 90° angle cuts. With the addition of the port, there are four 
formed vortices rather than the three seen in section 2.3.3. This is shown 
in Figure 10. Vortex 3, which was the vortex of concern, is now 
minimized and almost eliminated while the new vortex, vortex four, 
becomes the new area of concern. Should a measurement need to be 
taken from a particular side of the pipe, the addition of the V-port can be 
a valuable way to relocate the vortex and provide an undisrupted flow 
for the measurement to be taken.  
 
Figure 10. Unlike Figure 5, introduction of the V-port places vortex of concern at top of the pipe, rather than bottom [13]. 
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3 OBJECTIVES 
3.1 PROBLEM STATEMENT 
Currently, Solar has flow measuring devices placed arbitrarily along the fuel line of their gas 
turbines. It is known that as fuel flows through valves and different pipe configurations, vortices 
are generated. If a measurement is to be taken in or near a vortex, measurements will not reflect 
a fully developed flow. Having the most accurate flow fuel readings will reduce the injection of 
extra fuel into the combustion chamber, resulting in reduced emission of harmful byproducts. 
The optimized placement of the measuring devices will be determined using three methods: a 
physical test rig, 2D first principles approach, and CFD modeling with Fluent. Collecting 
experimental data about the recirculation length downstream of the main control valve is the 
primary objective of this project. Comparing the experimental data to a 2D MATLAB model and 
CFD model will allow us to tune the models for realistic cases. The goal of the models is to 
accurately predict flow for Solar Turbine’s main control valve.  
 
3.2 BOUNDARY DIAGRAM 
Figure 11 includes the boundary diagram that we will use to model our test rig. Because our main 
concern is with the main control valve, we may not have to model every component in our 
boundary. 
Up Stream Our Boundary Down Stream 
-Fluid delivery 
-Controller  
 
 
-Fuel Manifold  
-Injectors  
-Combustion 
Chamber 
Figure 11. Boundary diagram representing a simplified representation of test-rig, including component locations.  
 
3.3 DESIGN CONSIDERATIONS 
Our main goal with the design of the test-rig is to ensure there are no leaks at attachment points 
and accurately measure the experimental data. To ensure accuracy, we will perform calibration 
tests on the equipment. The number of valves and components necessary will be researched and 
decided upon.   
 
3.4 QUALITY FUNCTION DEPLOYMENT 
To determine our engineering specifications, quantifiable design requirements for our project, 
quality function deployment (QFD) was used to create a House of Quality. The House of Quality 
chart compares customer wants, similar competitor products, and our engineering specifications. 
From the different weighting of different customer wants, the engineering specifications were 
developed. The House of Quality chart is located in Appendix A. Note that because the test rig is 
the physical deliverable, it was the only subject addressed in the QFD. Included is a list of specific 
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wants and needs from Solar Turbines for the test rig that we have associated with measurable 
specifications. The specifications for the 2D and 3D computer models are addressed in Table 1.  
 
Table 1. Requirements for various models that will be compared with experimental data. 
 
3.5 ENGINEERING SPECIFICATIONS AND RISK ASSESSMENT 
After the completion of our QFD House of Quality, we gained a better understanding of the 
engineering specifications that we intend to meet for our final deliverable. The main 
specifications for our project are going to be the calibration tests of our test-rig and a leakage test 
to see if any gas is escaping the rig and invalidating our results. Table 2 summarizes the 
engineering specifications for this project. Refer to the QFD House of Quality in Appendix A for 
the full list of specifications. 
 
Table 2. Engineering Specifications Table. 
Spec. # Specification Description Requirement (units) Tolerance Risk Compliance 
1 Radial Stress Safety factor of 2 Min L A 
2 Pressure Reading Resolution ± 3.5 (psi) Max M I, T 
3 Reynolds Number 1 order of magnitude from model system Max H A, T 
4 Noise Level 80 (dB) Max L I 
5 Vortex Length Pressure fluctuations below 2 (psi) - M A, T 
6 System Geometry 90 (%) Max M I 
7 Fluid leakage Less than 0.1% of total volume Max M T 
 
For our test-rig, comparison between the experimental data and computer models (MATLAB and 
CFD) needs to be accurate. Therefore, a table of engineering specifications was developed. These 
specifications help us to create a design that meets exactly the needs of our sponsor, Solar. 
3.5.1  Radial Stress 
The radial stress specification is necessary when working with fluid at high 
pressures. Assuming an internal pressure of 500 psi (an estimate from Solar) we 
used mechanical design formulas to predict the safety factor of our proposed 
design. This specification is satisfied with a minimum safety factor of 2. 
3.5.2  Pressure Reading Resolution  
 The pressure to be measured in our test-rig is stagnation pressure and will be done 
using pressure gauges that tap into the pipe walls. To ensure that the pressures we 
are reading are in fact accurate, a series of calibration tests will be done. To satisfy 
this specification, each gauge will need to stay within a 3.5 psi range.  
Models Program Requirements 
2D MATLAB Provide insight into 2D flow characteristics FLUENT Predict recirculation length of 3rd vortex on 2D plane 
3D 
 
FLUENT 
 
Predict recirculation length of 3rd vortex 
Compare to experimental data and 2D model 
Provide insight into 3D flow characteristics 
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3.5.3 Reynolds Number 
 The dynamic similarity between Solar’s system and our test-rig needs to be 
identical. To accomplish this, the Reynolds number, a dimensionless parameter 
used in fluid mechanics, needs to match for both models. A Reynolds number on 
our test-rig within an order of magnitude of Solar’s satisfies this specification.  
3.5.4  Noise Level 
The noise level specification is necessary to ensure safe operation of the test-rig. 
The National Institute on Deafness and Other Communication Disorders specifies 
that a noise level above 85 decibels (dB) can cause damage to the human ear. 
Therefore, while our test-rig runs we will check the noise level using a sound 
measurement device. An operating noise level less than 85 dB will be a pass. 
3.5.5 Vortex Length 
 The flow through the piping system, in both Solar’s system and ours, will be fully 
developed for a certain length, then experience fluctuations due to various pipe 
components. One fluctuation that occurs after control valves on the main and pilot 
lines, is a series of three vortices. The length of the third vortex will be determined 
by identifying the point where pressure fluctuations get smaller. When the 
fluctuations decrease below 2 psi, this specification will be satisfied. 
3.5.6 System Geometry 
 The geometry match between Solar’s system and ours is of great importance. In 
fact, this specification is of higher importance than matching Reynolds number. 
The geometry will be inspected and confirmed with our sponsors supplier.  
3.5.7 Fluid Leakage  
The flow throughout the piping of our test-rig cannot escape through leaks or 
similarity between systems will be lost. A test will be performed to assess the 
amount of water leaking from the test-rig using the three flowmeters that measure 
the incoming flow and outgoing flows. A leakage of less than 0.1% of the total test-
rig volume will satisfy this specification. 
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4 CONCEPT DESIGN 
Within this chapter, we discuss different functions we want to include in the test rig, the different 
ideation methods employed, testing for some of our functions, and our selected design with 
analysis to justify our design.   
 
4.1 CONCEPT DEVELOPMENT 
The test-rig used to validate our CFD model will be manufactured in the next few months, but to 
build it, we had to make design decisions and document our process. Our design process began 
with ideation sessions. We began by dividing our test-rig into its specific functions and 
brainstormed from there. The functions evaluated include: 
• Moving fluid through the system 
• Determining the vortex length 
• Preventing leaks 
• Mounting the test-rig 
• Adjusting pipe lengths 
We employed different methods of brainstorming to promote idea generation in new contexts. 
The first method involved using a “quantity over quality” approach. The process began with 
choosing a specific function and generating as many solutions as possible to satisfy the function. 
We chose moving air as our function for this process. Our best solutions included using an air 
compressor or axial fan. Overall, we were not satisfied with the outcome of this brainstorming 
procedure since there were only a few reasonable solutions to this function as most of our other 
ideas were not as promising.  
 
Another brainstorming method, our personal favorite, involved each member of the team 
individually sketching ideas for a specific function lasting a few minutes. After the time was up, 
we all rotated our sketches to the next person and further developed their ideas or came up with 
new solutions inspired by the previous member’s sketches. We employed this method for two 
different functions: eliminating leaks and taking pressure measurements from the test rig. We 
preferred this method of brainstorming over the “quantity over quality” method because 
although we generated less concepts over all, they were more developed and practical solutions. 
We were able to agree that the quality of ideas in our ideation sessions were more beneficial 
compared to having a large volume of ideas for our type of design. 
 
The next step in the ideation process involved creating concept models out of simple materials 
for a 3D visualization of possible solutions to specific functions. This involved us modeling our 
previous ideas generated in brainstorming sessions and developing new ideas as they came to 
us. We were able to build approximately fifteen models in the time span and selected our top five 
concepts from those. Through the process of building simple models, we were able to conclude 
that some ideas that we were pursuing were unnecessarily difficult or physically infeasible.  
   
4.2 CONCEPT MODELING 
For concept modeling, we explored three functions: mounting the test rig, determining the end 
of a vortex, and eliminating leaks in the test rig. Since these three functions are not related to one 
another, our different complete concepts are a combination of one concept from each function.  
We will begin by discussing the different solutions investigated within each function.  
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4.2.1 Mounting Test-Rig 
The first function we selected was mounting the test rig. Our top three concepts are shown in 
Figure 12. The first decision associated with mounting was determining if we wanted a vertical 
or horizontal configuration for our rig. The horizontal configuration would allow for increased 
stability while the vertical may be more visually appealing and make storage easier. Another 
component of mounting we had to consider was that it needed to be adjustable to accommodate 
various pipe lengths and various pipe diameters. Other considerations included transportation 
requirements, safety, and cost. 
 
The first design shown in Figure 12(a) modeled a sliding system. Two sets of sliders are mounted 
orthogonal to one another to allow for reposition of each slider to any location on the horizontal 
plane. The main joints of the system are mounted to the sliders and the sliders can be positioned 
and locked into place to accommodate for different pipe lengths. The main benefit of this system 
is ease of use and a drawback is that it has moving parts which could be a source of failure and 
increase test rig costs.  
 
The second concept depicted in Figure 12 (b) utilizes two peg boards that could allow for both a 
horizontal or vertical orientation. All components would be fastened through the holes with 
clamps for support and their locations could be varied by fastening them to different holes. 
Benefits include the option of both orientations and ease of use for the reconfiguration of the test 
rig while the drawbacks include cost of materials and size.  
 
The next concept depicted in Figure 12 (c) is a vertical board that holds the test rig and has wheels 
at the bottom for ease of transportation and storage. This concept could be used in conjunction 
with the peg board or simply have hooks or clamps to hold the test rig up. The drawback of this 
design is that it would have the test rig hanging from the board and reconfiguration of the test 
rig will be more difficult with the risk of accidentally dropping components that are not properly 
fastened.  
 
 
(a) Sliding System 
 
(b) Peg Board 
 
(c) Rolling Mount 
Figure 12. Concept models for mounting test rig. 
 
4.2.2 Pressure Tap Location 
The next function considered was how to change the locations of the pressure taps along the pipe. 
This was a challenge because we had to ensure that the unused taps were sealed to prevent 
additional flow disturbances or leaks in the system. The concept models developed for this 
function are shown in Figure 13.  
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The first concept in Figure 13(a) is a single pipe with multiple tap locations. Each tap would be 
individually sealed when connected to a pressure transducer. Seals we could employ include tape 
if we run the system at low pressures or a tapped plug to fit inside the tapped pressure holes.  
 
The second concept in Figure 13(b) has a larger diameter pipe with a single tap covering the main 
pipe with multiple taps. The large pipe lines up its tap with the desired tap location on the main 
pipe, therefore covering all unused taps in the main pipe. This concept does not ensure that the 
unused taps are effectively sealed. 
 
The last concept depicted in Figure 13(c) has multiple pipes of different lengths, each having a 
different tap location. These pipes are interchangeable to ensure that no additional leaks or flow 
disturbances are created in the system when measuring pressure at different locations. 
 
Figure 13. Concept models for various pressure measurement locations. 
 
4.2.3 Eliminating Leaks 
The last function, eliminating leaks, required testing with realistic components rather than 
creating a model. Some ideas we had for eliminating leaks at component joints included plumbers 
tape, PVC cement, compression couplings, O-rings, and threaded connections. Figure 14 shows 
us working on visualizing the leaks and checking to see how air tight standard PVC is. We found 
that the PVC had leaks that are unacceptable because we must conserve mass from the inlet to 
the outlets of the test rig, so we added O-rings. The O-ring trial either minimized or eliminated 
leaks for all tests. While the O- rings are efficient in eliminating leaks, the rings also prevented 
pressure to be released at the joints as in previous tests and for some cases, the piping assembly 
would come apart when pressurized. This failure is more significant than the leaks because the 
tests were operated at low pressures, at 60 psig, and we anticipate our actual test rig to encounter 
even greater pressures and we cannot have our test rig come apart at high pressures.  
(a) Multiple Taps on Single Pipe  (b) Multiple Taps with Sliding Cover  (c)  Multiple Pipes with One Tap  
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Figure 14. Testing for eliminating leaks. In picture (a) a simple hand pump pressurizes system. Once pressurized, valve was 
closed and pressure held while pump was removed. Picture (b) shows submerged pressurized pipes to visualize leaks in the form 
of bubbles. In picture (c), bubbles are seen escaping from system at connection between ball valve and piping joint.  
 
4.3 SELECTION PROCESS 
Three types of decision matrices were employed to determine the best design: the weighted 
decision matrix (Appendix B.1), the Pugh matrix (Appendix B.2), and the morph chart (Appendix 
B.2). To determine the best design for our project, we constructed Pugh matrices for each function.  
These matrices can be referenced in Appendix B.2. The Pugh matrices allowed us to numerically 
compare all of our developed ideas for each function as well as generate new ideas to determine 
our best concepts. Overall, we made five Pugh matrices for the following five functions: taking 
pressure measurements, visualizing flow, eliminating leaks, mounting test rig, and adjusting test 
rig for variable pipe lengths. For each function, a datum concept was chosen to represent our 
seemingly best design. Then, each concept was rated in comparison to the datum for specific 
criteria. If it was determined that the concept exceeded the datum for a specific criterion, a “+” 
mark was assigned to it. If the concept fell short of the datum, a “-” mark was assigned to it for 
the specific criterion. If the concept was on par with the datum, it was assigned an “S” mark. The 
top concept for each function was then established by selecting the concept with the most “+” 
marks and the least “-” marks.  
 
Once the Pugh matrices were finalized, we put all of our concepts into a Morph chart, which can 
also be referenced in Appendix B.2. The Morph chart allowed us to combine different concepts 
for each function together to create five full-concept designs. With the five concepts selected, we 
inserted them into a decision matrix. The decision matrix aids in selecting the overall system 
design by comparing each concept to different criteria. The final weighted decision matrix can be 
referenced in Appendix B.1. Each criterion was also weighted numerically with respect to how 
important that criterion was for our design. For example, accuracy of the test rig was of highest 
importance and thus given the highest rating of 5 in the 1-5 scale. Then, each concept was scored 
1, 0, or -1 based on how well it fit the criteria, and then the scores were multiplied with the weight 
to get the final weighted score. The final results of our decision matrix revealed that our best 
concept involves using an air compressor, collection of pipes tapped in different locations, 
commercially threaded fittings, and a peg board with a horizontal configuration for the test rig. 
 
 
(a) Pressurizing Components  
                   
   (b) Submerging Components 
 
(c) Observing Leaks in Ball Valve 
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Figure 15 details our first full concept in our decision matrix. This concept scored a 15 in our 
decision matrix, the highest rating. Benefits of this design include the best variability, accuracy, 
safety, and retrieval of pressure. 
 
Figure 15. Compressor, collection of pipes, commercially threaded fittings, horizontal model, and peg board. 
 
Figure 16 is a sketch of the second concept in our decision matrix. This concept scored a 2 in our 
decision matrix, so it was not selected. The main reason for the low score was that the series of 
taps could create additional flow disturbances and leaks in our system. It could also pose a safety 
issue if we seal the unused taps and they come lose when the system is pressurized, creating a 
dangerous projectile. 
 
Figure 16. Compressor, series of taps, commercially threaded fitting, horizontal model, and peg board. 
 
Figure 17 is our third design concept. In our decision matrix, it scored a -12, our lowest score. The 
main concern with this design was the telescoping Pitot tube. The telescoping Pitot tube works 
by inserting the Pitot tube at the end of the pipe and extending it to the desired pressure 
measurement location. This method of taking measurements would give us inaccurate pressure 
readings due to multiple reasons: a human holding it has an unstable mounting point, it would 
only allow for readings at the end of the pipe (meaning it cannot turn around corners), and no 
such technology exists yet.  
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Figure 17. Compressor, telescoping Pitot tube, commercially threaded fittings, horizontal model, and  peg board. 
 
Figure 18 is our fourth design concept that scored an 8 in our decision matrix. The main 
differences is that the joints are welded or bent to eliminate all possibilities of leaks and that the 
system is supported by blocks that can be moved around to allow for variability with pipe length. 
The main downside of this design is that we would need to use metal pipe so we can weld, which 
would make the system very expensive and would require much more material to rebuild every 
testing configuration. 
 
Figure 18. Compressor, collection of pipes, eliminate joints, horizontal model, and movable blocks. 
 
Our last design concept shown in Figure 19 scored an 11 in our decision matrix, our second 
highest score. This design uses gaskets to seal joints and a sliding system with a track to move 
pipes around. Gaskets would create an effective seal in our system, which would help eliminate 
leaks and decrease the chances of components separating when pressurized. The sliding track 
would allow for pipe variability, but has more moving parts that adds unnecessary complexity 
to the test rig. 
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Figure 19. Compressor, collection of pipes, gaskets, horizontal model, and slider. 
 
4.4 SELECTED CONCEPT 
Our selected concept is a design that we feel comfortable moving forward with because it aligns 
with the functions from our selection process. Refer to Figure 20 for the CAD render of our design. 
First, is a structural foundation made of wood beams that will constrain the body of the test rig 
to the floor. On top of the wood beams lies a wooden or metal peg board. The peg board provides 
the adjustability for our design to take on many configurations as we narrow down the exact 
locations for the pressure measurement devices and the insertion of variable pipe lengths. A peg 
board is something we can buy at a hardware store; however, we are also looking into methods 
for manufacturing one on campus. The reason we would want to manufacture our peg board 
ourselves is so that we can customize the locations of the holes to better suit our needs. On top of 
the peg board is the piping assembly, locked in place by clamps that thread into the peg board 
holes. A detailed drawing of a piping assembly can be seen in Figure 21. 
 
From what we learned from our testing, we will use threaded fittings to eliminate the chance of 
the piping slipping and coming apart under high pressures. To prevent leaks, gaskets or O-rings 
will be utilized in the piping assembly. If leaks occur, PVC cement will be used to chemically 
weld the pipes together, especially if the leaks occur in parts that do not need to be 
interchangeable. To determine the ends of vortices, the collection of pipes tapped in different 
locations will minimize flow disturbances upstream due to improperly plugged tapped holes. By 
eliminating other holes in each measuring pipe, we are eliminating the possibility of leaks.  
 
Some components of our design that are not pictured in the CAD drawing are included below to 
help the reader visualize the design better. These are the components that provide a moving 
stream of air as well as diffuse the air safely. Below, they are given common examples of such 
components: air compressors, axial fans, diffusers, etc. More preliminary analysis is required to 
determine the type of air moving device and the flowrates required for the system, but we have 
begun researching different devices and the flowrates they are able to produce. 
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Fluid delivery 
device 
Piping assembly and components mounted to peg 
board to form test-rig 
Fluid Removing Device  
Figure 20. Proposed design concept. Piping assembly is mounted on top of peg board. Fluid is delivered and removed. 
 
 
Figure 21. Pipe assembly schematic with general dimensions. Inlet line splits into the main and pilot lines. 
 
4.5 PRELIMINARY ANALYSIS 
To guarantee we are collecting relevant data and making the correct conclusions, we must ensure 
that we are achieving dynamic similarity. Dynamic similarity ensures that if we have differences 
between a model and a prototype, the same fluid behaviors will result. One way to achieve 
dynamic similarity is to have the same Reynolds number between the two flows: the actual flow 
in the turbine package and the simulated test flow for the test rig.  The primary difference between 
the two flows is the fluid in the flow. Methane gas is used as the fluid in the fuel line while we 
will be using air for the test rig. Based on the boundary conditions received from Solar Turbines, 
a boundary conditions table was constructed and can be reviewed in Appendix C.1.  This table 
outlines the three different configurations for the test rig and the two cases within each 
configuration: Dry low emissions (DLE) on and off. The total of six test cases will be run at their 
respective minimum and maximum flowrates as dictated by the table as well as the total flow 
distribution into the pilot line versus the main line. While maintaining the same Reynolds number 
as the fuel flow system is the primary concern, relative pressure drops across the main and pilot 
lines were also computed to ensure proper flowrate through each leg. These calculations are 
located in Appendix C.2. 
 
Preliminary analysis was completed with the highest flowrate value of 6,495 SCFM (standard 
cubic feet per minute) and assuming flow delivery pipe diameters of 3 inches for both the package 
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and the test rig. From the analysis, presented in Appendix C.3., we can conclude that we will need 
to have flow around Mach 1 to achieve dynamic similarity. We acknowledge that this is outside 
our project scope. However, from our background research, we know that vortex length is 
consistent across a range of Reynolds number. Section 2.3.3 describes the research conducted and 
the critical findings are reshown in Figure 22. 
Figure 22. The most significant conclusion that can be made from this research paper is that vortex length remains constant 
through a range of Reynolds numbers. The plotted curve encompasses a range of Reynolds numbers, overlaid on top of each other, 
for a range of ball valve openings [8]. 
Using the results from Figure 22, we have approval from Solar Turbines to use a Reynolds 
number in our test rig that does not match the Reynolds number in their turbine packages as long 
as it is within one order of magnitude, meaning, we are running our system at one tenth of Mach 
1. We acknowledge, the difference between the Reynolds numbers’ is limited to the range from
the graph and there are limitations in every research study but we have concluded that it is
acceptable to extrapolate this flow characteristic to our system. The reduction of the Reynolds
number will allow us to use flows that are more achievable with commercially available axial
fans or compressors. Further analysis will be completed to determine final flowrates to run in our
test rig for the three different configurations.
Additional preliminary analysis was completed to determine which material can be used for our 
piping assembly safely. PVC was analyzed using stress analysis for pressurized cylinders (pipes) 
and was proven to be satisfactory with our design criteria. The inexpensive costs of PVC as well 
as its popularity in the industry of moving fluids, make it a desirable material. The results from 
the stress analysis was a minimum safety factor above 2 for pipe diameters ranging from ½” to 
2”. An Excel file showing the calculations is in Appendix C.4. Further analysis will be completed 
to assess the strength limitations of pipe components within the assembly.  
4.6 RISK, CHALLENGES, AND UNKNOWNS 
4.6.1     Risk 
The risks associated with this project are projectiles, high pressures, noise 
levels, and possibility of misuse. Each risk is discussed in detail in Appendix D. 
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The general approach to addressing these risks will be to perform analysis 
to prevent the risk from happening then incorporating the findings into our 
design. We will be making a containment box to test our rig in that will be a 
second line of defense against most of our potential issues.  
 4.6.2    Challenges 
Our number one challenge at this point is creating dynamic similarity between our 
system and Solar Turbine’s actual system. The other major issue is sourcing 
accurate measurement devices while keeping the cost reasonable. We need devices 
that are extremely accurate so that we can observe small changes in pressure due 
to the location of the pressure transducer.  
4.6.3     Unknowns 
We need to figure out if dynamic similarity is possible. If it is not possible to have 
dynamic similarity, then we will need to create a system using components that 
are realistic for us to source. In this case we will tune our CFD model using the test 
data we collect. We could then use the CFD model to run the boundary conditions 
that Solar has provided us to simulate their system. However, this approach 
hinges on Solar’s approval. In general, the specific components need to be sourced. 
We are in the process of creating our bill of materials, but we do not know exactly 
what components we will be using yet.  
4.7 SAFETY HAZARD DESIGN 
As we were completing our safety analysis, it was brought to our attention that PVC piping is 
only rated for use with water and not air. Since air is a compressible fluid, the high pressure 
provided by an air compressor into a PVC piping system posed a safety risk for the pipes 
exploding. Upon further evaluation of OSHA standards, it was determined that it was not safe to 
use an air compressor with our piping system [14]. Three options going forward were evaluated 
and presented to Solar Turbines: 
(a) Metal piping system with compressed air provided from a compressor.
(b) PVC piping system with water provided from a pump.
(c) PVC piping system with air at atmospheric pressure provided from a blower.
The report containing a detailed comparison of all three systems can be referenced in Appendix 
E. Our sponsors at Solar Turbines evaluated all options and decided to move forward with option
(b). Subsequent sections of our CDR Report will focus on our design using water in our PVC
piping system. It is important to note that by using water in the new system, the presence of leaks
in the test rig is much more apparent than when using air.
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5 FINAL DESIGN 
This section of the report outlines our proposed final design with a justification for why we 
believe this design is the best option for the problem statement. This section also addresses safety, 
maintenance, and repair as well as cost analysis for the test rig. 
 
5.1 DESCRIPTION OF DESIGN 
The final design of our test-rig was changed significantly when we learned that no longer would 
we be using air as the working fluid in our system. These changes were mostly in regards to the 
prime mover of our system and the connections on both ends of the test section. The compressor, 
pipe inlet, and pipe outlet connections were all removed. Within the test section itself, however, 
the design remained almost entirely unchanged from our concept design seen in Figure 20.  
 
The final design uses a closed loop system to provide water to the test-rig. A CAD model of the 
final design is shown in Figure 23. Water is initially all stored within a vertical tank. When testing 
begins, all inlet/outlet valves are opened and water is pumped from the tank into the test-rig. 
The water level in the tank will drop until the beginning water is recirculated back into the tank, 
stabilizing the water tank level. The design sits on two tables: one supporting the tank and pump, 
and one supporting the test-rig. PVC pipe, although determined unfit to be transporting 
compressed air, is a safe option when using water and we will be using it for the test section and 
most connections between components. The connection from the end of the test-rig back to the 
tank will be made of flexible tubing. Having this soft connection allows flexibility in the location 
of our two tables. Pressure readings are taken in a different way: using pressure gauges instead 
of barbs and tubes that feed into a pressure transducer. The method of tapping into the side of 
the PVC pipe is the same as our concept design. Mass flow meters were changed from those 
capable of measuring air to water flow meters. 
 
 
Figure 23. CAD model of our final design.  
Our final design can be broken down into three main subassemblies. The first subassembly 
includes the tank, pump, connection between the tank and pump, and trolley. The second 
subassembly is the entire test rig—all piping and components after the exit of the pump. The third 
subassembly is the support table which the test rig will be resting on. 
 
5.1.1  Tank/Pump/Trolley Subassembly 
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The tank we will be using is from McMaster Carr and capable of holding 72 
gallons.  The tank is placed on top of the Tank Raisers to keep the pump constantly 
flooded to avoid cavitation. The pump used in this system is from Grainger 
(Dayton) and more details regarding the pump and selection of the pump can be 
found in section 5.2. The trolley is created for ease of transportation, especially 
when the tank is full during testing. Figure 24 shows the subassembly with labels 
on major components.  
  
 
Figure 24. Tank, pump, and trolley subassembly. All attachments between wood components are done with 
wood screws, including caster wheels at the bottom of trolley. 
5.1.2  Test Rig Piping Subassembly 
The entire piping system consists of the schedule 80 PVC piping, fittings, mass 
flow and pressure measurement devices, and flexible piping used to return water 
to the tank for a closed system. For lengths that require pressure measurements, 
11 tapped holes will be placed equidistantly along a 24” section of pipe. The 24” is 
used as per suggestion from Solar Turbines to ensure we have a length long 
enough to capture the end of the vortices. Figure 25 depicts the piping system 
independent of its support structures and Figure 26 provides a close up view of 
how the pressure gages will be attached and open holes will be capped off. 
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Figure 25. Piping subassembly. Water flows into the system and returns to the tank through hosing.  
 
Figure 26. Zoomed in image of piping subassembly: pressure gage, capped holes, and open holes. Pressure gages and hex bolts 
used to cap the system will sit flush with inner diameter of pipe.  
5.1.3  Test-Rig Table Subassembly 
The test rig table elevates the test rig piping subassembly to match the elevation of 
the pump outlet. As shown in Figure 27, the table also has supports for the piping 
system to attach to via clamps. The supports allow for the table to accommodate 
for the different components and different component diameters. There are 4 
handles attached to the table to allow the table to be transportable.  
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Figure 27. Test Rig Table subassembly with support blocks.  
5.2 DESIGN JUSTIFICATION 
This section justifies our selected design including our pump selection process. We calculated the 
system curve to identify a pump that allows for similarity between the test rig and Solar’s system, 
and Net Positive Suction Head to avoid cavitation.  
5.2.1  System Requirements 
Table 3. Solar Turbines system characteristics used for similarity. 
Solar Turbines System Properties 
Pressure 450 [psi] 
Temperature 530 [°R] 
Methane Gas Constant 3099 [ft-lbf /slug-°R] 
Density 0.039 [slug/ft3] 
Diameter 0.167 [ft] 
Length 10 [ft] 
Area 0.0218 [ft2] 
 
5.2.2  Pump Selection 
The device selected to move water throughout our system is a centrifugal pump. 
The pump draws water from the bottom of the vertical tank and provides enough 
head to move water through the test-rig and return as shown in Figure 28. The 
pump must therefore be sourced to generate the minimum amount of head to 
overcome all losses in our system as well as the increase in height when water is 
fed back into the top of the tank. Throughout this section, we go through the 
analysis for determining the size of our pump and end with a final pump selection.  
Table Legs 
Handles 
Support Blocks Table Top 
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Figure 28. Simplified schematic including tank, pump, and pipe set-up used to size pump. 
From conservation of energy and continuity for control volumes in open systems, the head 
loss equation, (5.1), can be written as, 
�
𝑃𝑃1
𝜌𝜌
+ 𝛼𝛼1 𝑉𝑉�122 + 𝑔𝑔𝑧𝑧1� − �𝑃𝑃2𝜌𝜌 + 𝛼𝛼2 𝑉𝑉�222 + 𝑔𝑔𝑧𝑧2� =  ∑ℎ𝑙𝑙 +  ∑ℎ𝑙𝑙𝑙𝑙 (5.1) 
The head loss equation characterizes our system curve and provides the pressure required 
for the system to operate at given flows with varying openness of the ball valve.  
The major losses depend upon the pipe’s length, diameter, and friction factor as well as 
the velocity of water within the pipe. The moody chart [16], Re, and pipe geometry were 
used to determine the friction factor, 
𝑓𝑓 = 𝑓𝑓 �𝑒𝑒
𝐷𝐷
 ,𝑅𝑅𝑒𝑒� (5.2) 
However, the friction factor in the spread sheet was found using the Haaland equation 
from Fox and McDonald [16]. 
𝑓𝑓 = −1.8 ∗ log ��𝑒𝑒/𝐷𝐷3.7 �1.11 +  6.9𝑅𝑅𝑒𝑒� (5.3) 
The minor losses depend upon each component within our system, such as t-joints, 
elbows, and 90-degree bends. A table of the minor head losses within our system is 
below in Table 4 [16]. 
Table 4. Minor Loss Coefficients 
Loss Coefficient, K Quantity 
Tee Joint 2 1 
90° Elbow 1.5 7 
Ball Valve 
Fully open 0.5 2 
1/3 closed 5.5 2 
2/3 closed 200 2 
Reduction 0.9 3 
Expansion 0.9 3 
The total head for the system is the sum of the major and minor head losses. Combining 
the two losses we see,  
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𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙 =  ?̅?𝑣2 �𝑓𝑓𝐿𝐿𝐷𝐷 + 𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑘𝑘𝑇𝑇𝑙𝑙𝑒𝑒𝑡𝑡𝑒𝑒 + 𝐾𝐾𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝 + 𝐾𝐾𝑒𝑒𝑡𝑡𝑙𝑙𝑙𝑙 + 2𝑘𝑘𝑟𝑟𝑇𝑇𝑟𝑟𝑝𝑝𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟� (5.4) 
 
Combining equations 5.1 and 5.4 yields a pressure drop of 12.7psi. This is the pressure the 
pump is required to supply. By running the same analyses over a range of flowrates, 
Figure 29 can be found.  
 
 
Figure 29. Pump curve for Dayton 45MW21 booster pump and system curves for valves open, 1/3 closed, and 2/3 closed. 
5.2.3  Net Positive Suction Head (NPSH): System Check 
It is essential to ensure that there is enough NPSH Available (NPSHA) compared 
to the NPSH Required (NPSHR) so that the pump does not cavitate. The curve for 
NPSHR was derived from a variety of pump configurations in reference [16]. Most 
pumps do not start having an issue with NPSHA until operating a flow rates 
greater than 120 GPM. Our system will be operating at less than 70 GPM. Figure 
30 shows a simplified tank and pump inlet schematic.  
 
Figure 30. Simplified tank and pump inlet schematic.  
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Since State 1 is at the surface of the water, we can assume that velocity at State 1 is 0. 
Rearranging the equation yields 
 
 
𝑃𝑃𝑠𝑠 = 𝑃𝑃1 + 𝜌𝜌𝑔𝑔∆𝑧𝑧 − 12𝜌𝜌𝑉𝑉𝑠𝑠2 − 𝜌𝜌ℎ𝑙𝑙𝑇𝑇  (5.6) 
      
 Rewriting the equation in terms of head yields 
 
 
𝐻𝐻𝑠𝑠 = 𝐻𝐻1 + ∆𝑧𝑧 − 12𝑔𝑔𝑉𝑉𝑠𝑠2 − �∑𝑘𝑘 + ∑𝑓𝑓𝐿𝐿𝐷𝐷 � (𝑉𝑉𝑠𝑠2)2𝑔𝑔     (5.7) 
 
Using the same minor loss coefficients as listed in Table 4 and assuming a max velocity 
at point s of 16.3 ft/s yields an Hs value of 20.13 ft. This value can be related to the 
NPSHA using the following equation.  
 
 
𝐻𝐻𝐴𝐴 = 𝐻𝐻𝑠𝑠 + 𝑉𝑉𝑠𝑠22𝑔𝑔 − 𝐻𝐻𝑣𝑣𝑡𝑡𝑝𝑝𝑡𝑡𝑟𝑟     (5.8) 
 
At 80°F, the Hvapor value is approximately 1.17 ft yielding an NPSHA value of 23.08 ft. A 
calculation of different NPSHA values over a range of flowrates can be found in Figure 
31.  
 
 Figure 31. Comparing available and required net positive suction head. As seen in the figure, for our operating region, the 
available suction head is much greater than what is required.  
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5.3 SAFETY, MAINTENANCE, AND REPAIR 
5.3.1  Safety 
In order to ensure the system operated safely a number of methods were used to 
identify potential hazards Appendix D, and failure modes Appendix I. Using these 
methods a risk assessment was performed, Appendix J, which allowed for most 
hazards to be designed out of the system or some to be reduced to a low risk level. 
All actions to ensure safety have been completed as of May 15.  
5.3.2  Maintenance  
To prevent leakages in the testing rig, the sealing tape used will be replaced when 
worn or torn. Further, when not in use, the test rig will be unpressurized and 
pressure gages will be removed from the test rig and dried. Most importantly, the 
test rig will be stored indoors and away from direct sunlight to limit the corrosion 
to the PVC piping and components. 
5.3.3  Repair 
In the event of a broken or leaking component that cannot be resolved with either 
PVC glue or tape, the spare parts, included in the Bill of Materials, will be used. 
Repairs with the pump will be done so according to the manufacturers’ guidelines 
and suggestions. Repair of the rolling base will be completed in the Mustang ’60 
shop with available tools for woodworking. 
 
5.4 COST ANALYSIS 
The final cost of the test rig with one configuration is $6,902. A detailed list of parts and respective 
costs can be found in Appendix F. The breakdown for the system is shown in Table 5. 
 
Table 5. Simplified Costing Breakdown 
Components  Quantity Total Cost 
Pressure Gages 12 $ 1939 
Volumetric Flow Meters 3 $ 1287 
PVC Piping 24” 10 $ 140 
Fittings  - $ 700 
Tank 1 $ 370 
Pump 1 $ 788 
Wood  - $ 200 
All else (Control Box, Wiring etc.) $ 800 
Total $ 6902 without tax & shipping 
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6 MANUFACTURING 
This section of the report will explain where all the components listed in our design will be 
sourced, manufacturing plans for all parts we are building or altering from the manufacturer, and 
how our test apparatus will be assembled before testing. 
 
6.1 PROCUREMENT  
All components of the test rig will be sourced commercially. Refer to Appendix F for the Bill of 
Materials and Appendix G for the assembly and component drawings that correspond to the item 
numbers from the Bill of Materials. All the parts listed in Appendix F are materials that we will 
need Solar Turbines to help us procure. Materials should be sent to the following address: 
 
Solar Turbines Senior Project Group 61 
c/o Cal Poly Mustang ‘60 Machine Shop 
1 Grand Avenue San Luis Obispo, CA 93407 
 
Since the CDR, no updates have been made to the submitted Bill of Materials for part 
procurement through Solar Turbines. However, $150 was spent on extra components that the 
team needed to order, and extra plumber’s tape using the allotted $1000 set aside for our use. 
Table 6 gives a summary of the purchases made throughout the course of this project.  
 
Table 6. Complete project cost summary 
Parts Cost [$] 
Test Rig  4946.6 
Table for Test Rig 119.6 
Water Delivery  1836 
Additional Plumber’s Tape 25 
Total Cost 6927.2 
 
6.2 MANUFACTURING   
Manufacturing tasks include making taps in the PVC piping for the pressure measurement 
device, constructing the table that supports the pump and tank, and the table that supports the 
test-rig.  
6.2.1 Tapping PVC 
i. For all straight pipe sections that require pressure measurements to be taken. 
There will be eleven 0.438” sized holes drilled 2” apart from each other using a 
drill press in a 24” threaded schedule 80 pipe while securing the pipe in a vice. 
Holes will be drilled collinearly by drawing a straight line along the length of 
the pipe and marking each drill location with a tape measurer.  
ii. To ensure the ends of all plugs and pressure gauges sit flush with the inside 
diameter of the PVC pipe, 1.5” x 1.5” cut pieces of 3” diameter schedule 40 PVC 
are attached to add extra thickness and provide more tapping depth. The small 
pieces were attached with JB Weld and allowed to cure for 24 hours. All drilling 
and tapping is done in the Mustang 60 student shop.  
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iii. Holes were tapped using a 1/4-18 NPT tap. Standard tapping procedures were 
used, tapping one revolution and reversing for ¼ turn to break chips. Tapping 
fluid was used as required. As seen in Figure 32, the drilling and tapping left burrs 
on the holes. The burrs were removed with a hole deburr tool.  
iv. The pressure gauges are hand tightened into the tapped holes until they sit flush 
with the inner diameter of the PVC piping. Before testing, the gauges are wrapped 
in three layers of plumber’s tape to eliminate leaks. 
v. When a tapped hole is not connected to a pressure gauge, ¼ NPT PVC screws are 
inserted into the holes with a hex wrench. The plugs are wrapped in plumber’s 
tape similar to the gauges. Figure 33 shows some tapped and untapped ¼ NPT 
screws.  
 
 
Figure 32. Drilled and tapped hole with burr which had to be removed. 
 
Figure 33. Taped and untaped PVC screws that are used as plugs for holes without pressure gauges.  
6.2.2  Pump and Tank Trolley 
 This table houses the pump, pump control box, water tank, and necessary 
supports. It is made up of a table top, two sets of two-by-fours that run 
perpendicular to each other along the bottom of the table top, caster wheels, and a 
pump support that rests on the top of the table top. All cutting of wood was 
PVC 
spacer 
JB Weld™ 
¼ NPT 
holes 
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completed in the Mustang 60 shops and assembly of the trolley was completed in 
the Fluids Lab. Below are its manufacturing operations. 
i.  Begin with an 8’x4’ plywood sheet, ¾” thick. Square dimensions are marked on 
either flat side of the sheet using a tape measurer and chalk line; 36”x50”. Position 
the sheet onto the table saw and make a straight cut. 
ii. The next pieces are the first set of two-by-fours, referred to as the short two-by-
fours. These are cut to a length of 36”, matching the width of the table top, using a 
circular saw. 
iii. The second set of two-by-fours are referred to as the long two-by-fours. These are 
cut to a length of 50 inches, matching the length of the table top, using a circular 
saw. There are four of them.  
iv. Assembling the table starts by positioning the long two-by-fours evenly along the 
bottom of the table top. Spacing does not need to be perfectly even but evenly 
enough for load distribution. Four pilot holes per two-by-four are drilled from the 
top side of the table top and into each long two-by-four using a hand-held drill 
and a 3/32” drill bit.  
v. After assembly of the table, two 4”x4” sections are added for mounting the 
electrical box. The complete trolley is seen in Figure 3434.  
 
 
  
a) Trolley table holding tank, pump, and electrical 
box 
b) Electrical box and mounting 
Figure 34. Assembled trolley table with major components.  
 6.2.3  Test-Rig Table 
 This table houses the test-rig and its necessary supports. It is made up of a table 
top, legs, and ribs. Below are its manufacturing operations. 
i. An 8-foot by 4-foot8’x4’ plywood sheet ¾ inch thick is used. The sheet comes at 
our desired length and no cuts need to be made.  
ii. Four legs are made of four-by-fours cut to a length of 3-½” using a circular saw. 
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iii. Ribs are made of two-by-fours. Cut each rib to a length of 12” using a circular saw. 
The ribs are then surfaced to width of 2” using a table saw, resulting in ribs that 
are 12” long, and 1-1/2”x2” in cross section. There are 12 of them. 
iv. Ribs will be added as per the assembly drawing.  
 
6.3 ASSEMBLY  
6.3.1  Delivering water to piping system  
 All required components of the pipe system with be hand tightened with 
TeflonTeflon tape as seen in Figure 35 and 36.  
 
 
Figure 35. Between water tank and pump inlet. Blue shut off 
valve allows the system to be drained when not in use. 
 
Figure 36. Outlet from pump. White shut off valve connects to check valve, 
allowing water to pass through system should pressures be greater than 30 
psi. 
  
6.3.2 Connecting together pipe components 
i. Plumber’s tape/Teflon tape will be used to wrap all connections. Three layers of 
tape were discovered to work bet connection and further ensure no leakages in the 
piping system. Figure 37 shows a characterized ball valve in the piping system 
with plumber’s tape protruding on either end. 
ii. If the attachments are not permanent: O-rings will be placed between 
mating components and hand tightened.  Plumber’s tape/ Teflon tape will be 
used to wrap the connection once the glue has dried for 24 hours to ensure no 
leakages for our system. Figure 37 shows a characterized ball valve in the piping 
system with plumber’s tape. Figure 38 shows the final test rig laid out and connect 
with only the flowmeters and characterized ball valves missing. O-rings are used 
to ensure an extra layer of protection against fluid leakage. They are placed 
between fittings and for some fittings come already installed and just need to be 
tightened around. Figure 38 shows the final test rig laid out with only the 
flowmeters and characterized ball valves missing.  
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Figure 37. Characterized ball valve between two sections of straight pipe. Three layers of plumber’s tape (white) used. 
 
Figure 38. Test-rig almost completely assembled. Missing are flow meters, characterized ball valves and return hosing.  
6.3.3 Rejecting water from piping system 
 Water exiting the test apparatus will be directed by high-pressure tubing to the 
storage tank, forming a closed-system. The hose is clamped onto a hose bard on 
the last section of PVC piping with a hose clamp. 
6.3.4  Collection pressure data  
i. If data is being taken from a port: The pressure gauge will be hand tightened onto 
the adapter at the point of interest. Figure 39 shows pressure gages inserted into 
the tapped straight sections.  
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ii. If data is not being taken from a port: a cap will be hand tightened onto the adapter 
and plumber’s/Teflon tape will be used to ensure no leakage. Figure 40 shows 
images of plugged 2’ straight sections with 1.5” and 2” inner diameters. 
 
 
Figure 39. Pressure gages in a section of pipe. Gages are threaded into spacers and pipe, allowing the bottom of gages to sit flush 
on inside of pipe. Gages shown reading 0 psi, signifying an unpressurized system. 
 
Figure 40. Two sections of pipe, including spacers, tapped holes, and plugs. 
6.4 OUTSOURCES  
There are no plans to outsource any manufacturing or assembly process for this project.  
 
6.5 CHALLENGES 
Aside from some leaks in the pressurized system, there were no manufacturing challenges. The 
leaks were resolved by using at least three layers of plumber’s tape as per industry standards.  
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6.6 RECOMMENDATIONS 
As seen in the final product of the table in Figure 38, the center of the table carries the highest 
load and as a result begins to “sag” near the center. This can be corrected with a support 
structure/crossbeam underneath the table. However, we discovered during testing that if there 
are leaks, the dip in the table collects the leaked water and later a hole was drilled into the center 
of the table and a bucket placed underneath the hole to contain and drain the leaks from the 
system. 
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7. DESIGN VERIFICATION  
A critical component of this project is ensuring that the test device can perform to the standards 
and specifications outlined in the Engineering Specifications Table, Section 3.5.  
 
Table 7. Engineering specifications table from the Objectives section. 
 
 
The tests include: Specification 2, pressure gauge calibration, Specification 3, Reynolds number 
verification, Specification 5, vortex length, and Specification 7, leaks in the system. The vortex 
length is defined as the distance after a disturbance in the system (i.e. tee joint, elbow, and ball 
valve) at which the pressure fluctuation is at a larger magnitude than the nominal straight pipe 
reading for the given flowrates. The main and pilot lines are highlighted in Figure 41. The sections 
in Chapter 7 outline the tests we conducted to ensure that the system will operate safely and 
provide insightful data. Specifications that only required analysis or inspection were not tested. 
These include radial stress (analysis), noise level (inspection), and ball valve geometry 
(inspection). All physical testing occurred in the Mechanical Fluids Lab Bldg. 192 Room 105. Refer 
to Appendix L (Design Verification and Report) for the details of each test. All the equipment 
necessary for testing (flowmeters and pressure gages) are built into the prototype and the cost 
accounted for in the final Project Budget of Appendix H.  
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Figure 41. Test rig (unattached to water delivery), showing pipe system with main line and branched-off pilot line. 
7.1 PRESSURE GAUGE CALIBRATION  
All the pressure gages were tested in the same location to verify they were consistently reading 
the same value and determine uncertainty for the overall pressure reading. Twelve pressure 
gages were purchased so multiple pressure readings could be taken for efficiency during testing. 
Of the twelve purchased, two gages were not used because during calibration, large fluctuations 
in readings were observed. The seventh tap position shown in Figure 42 along the main line 
segment after the tee joint was tested for the calibration data. The spot was chosen because it is 
located more than ten diameters downstream of the tee joint disturbance, which is a stable area 
for the flow.  The pressure gages have an average uncertainty of uxm=±0.185 psi determined from 
the individual uncertainties, Uxm, in Table 8. Gauges 8 and 12, highlighted in Tables 8 and 9, were 
not used because of erroneous readings. Because an accurate pressure reading is critical to 
determine the end of the vortex, we excluded these gauges while taking the main test data. Bias 
and Precision were chosen to be 0.1 psi. Repeatability was calculated using the raw data from 
Table 9.   
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Figure 42. Location along main line where pressure gauges were calibrated. The seventh position was chosen because it is greater 
than 10 diameter lengths downstream of the tee joint disturbance.  
Table 8. Measured uncertainty for each gauge used to calculate the overall uncertainty for the low and high readings.
 Average [psi] Bias [psi] Precision [psi] Repeatability [psi] Uncertainty, Uxm, [psi] 
Pressure Gauge Low High   Low High Low High 
1 7.7 7.8 0.1 0.1 0.109 0.183 0.179 0.231 
2 7.4 7.7   0.040 0.119 0.147 0.185 
3 7.5 7.7   0.010 0.154 0.142 0.209 
4 7.6 7.7   0.055 0.109 0.152 0.179 
5 7.6 7.7   0.055 0.125 0.152 0.189 
6 7.6 7.7   0.055 0.125 0.152 0.189 
7 7.5 7.6   0.078 0.113 0.161 0.181 
8 7.3 7.7   0.091 0.241 0.168 0.279 
9 7.4 7.7   0.048 0.109 0.149 0.179 
10 7.4 7.5   0.073 0.010 0.159 0.142 
11 7.7 7.8   0.109 0.166 0.179 0.218 
12 7.2 7.8   0.170 0.253 0.221 0.289 
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Table 9. Raw data from the pressure calibration test. 
 Reading 1 [psi] Reading 2 [psi] Reading 3 [psi] 
Pressure Gauge Low High Low High Low High 
1 7.7 7.8 7.6 7.8 7.7 7.8 
2 7.5 7.6 7.4 7.6 7.4 7.8 
3 7.5 7.6 7.5 7.8 7.5 7.8 
4 7.6 7.7 7.5 7.6 7.6 7.7 
5 7.6 7.7 7.5 7.7 7.6 7.7 
6 7.6 7.7 7.5 7.7 7.6 7.7 
7 7.4 7.5 7.7 7.8 7.5 7.6 
8 7.3 7.4 7.4 7.5 7.3 8.2 
9 7.4 7.7 7.4 7.6 7.4 7.7 
10 7.4 7.5 7.3 7.5 7.4 7.5 
11 7.7 7.8 7.6 7.7 7.7 7.8 
12 7.2 7.6 7.3 7.7 7.1 8.2 
 
To summarize Table 8 and 9, the Low-Pressure Reading (LPR) is 7.5±0.163 psi while the High-
Pressure Reading (HPR) is 7.7±0.206 psi. Therefore, pressure readings observed to have a 0.57 psi 
difference between the LPR and HPR represent a stable flow field. However, the resolution of the 
gauges is what drives the ability to read accurately with a resolution of ±1 psi. Looking ahead to 
section 7.3, the vortex length is identified as the location where the fluctuations in pressure fall 
below ±1 psi.  
 
7.2 REYNOLDS NUMBER VERIFICATION 
The Reynolds number for the Solar Turbines’ system ranges from 238,475 - 1,003,038. The goal to 
have dynamic similarity was not met. Reynolds numbers equivalent to 238,475 - 300,000 was not 
achieved as predicted by Figure 29 of Section 5.2, Design Justification. The calculation used 
2.3x(106) [lbf-s/ft2] for the value of viscosity when the true value of viscosity is 2.3x(105) [lbf-s/ft2]. 
This error was not found until May 13th, after the pump had already been installed and did not 
have an option to source a larger one. After re-analyzing the fan and pump systems for future 
projects, it became clear the Reynolds range of Solar Turbines system would not be possible to 
replicate because of cost and size constraints. To account for this short coming, the vortex length 
was explored for two different Reynolds numbers corresponding the given flow conditions in 
Section 7.3. The research predicts that Reynolds number is a less significant contributor to the 
vortex length than geometry. The relationship between geometry and Reynolds number is 
explored further in the next section. So, the actual range of Reynolds numbers for the designed 
system are shown in Table 10.  
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Table 10. Reynolds number representing the flowrate through the main line of the system with the pilot valve closed. 
Valve Position Reynolds Number 
Open 72,864 
1/3 Closed 68,204 
2/3 Closed 51,122 
5/6 Closed 40,349 
 
7.3 VORTEX LENGTH  
The overall goal for the project is to test for the location of vortices throughout the system. 
Downstream of the main and pilot ball valves are key locations due to the flow disturbances 
caused by the valves. The vortex length regulates how close a control sensor can be placed while 
still taking accurate readings. Identifying that point is information Solar can use when designing 
their systems in order to avoid erroneous fluctuations that occur where the vortex is present. We 
conducted tests under two flow ratios from Table 11 to try and find the vortex lengths. 
Table 11. Flow rate conditions tested. 
 Percent Flow Rate 
 DLE On DLE Off 
Main 98 75 
Pilot 2 25 
 
To achieve these flowrate conditions, the main valve was halfway closed, and the pilot valve was 
adjusted to 2% or 25% flow. The system was tested with the ball valves in the two orientations 
show in Figure 43. The different orientations allow the vortex to be directed in different directions 
because of ball valve geometry but was inspired by observing 2D CFD analysis in Figure 44. The 
vortex was differed in an attempt see if this influenced the pressure gauge readings. We tested 
these two positions because of the CFD model that was created. Figure 44 predicts that the main 
part of the vortex will exist on one side of the pipe depending on the ball valve’s orientation. 
Because of this, we focused on test the vortex being directed into the pressure gauges located on 
the top of the pipe in our system.  
  
Figure 43. The valve in the vertical (left) and sideways (right) position. 
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Figure 44. As observed from the top down this CFD particle trace represents the flow after the ball valve, placed in it’s vertical 
position. When positioned vertically, the vortex is directed towards the side wall, therefore the valve was rotated 90 degrees to 
direct the vortex towards the top wall where the pressure gages are located. 
This section includes figures that provided significant results, and a complete set of tabulated and 
plotted data for each segment of pipe can be observed in Appendix L test items 3-8. Figures 45-
48 represent data points downstream of the characterized ball valve. The error bars in these 
figures represent maximum and minimum values for pressure fluctuations in the readings from 
the gauges. The error bars do not represent standard deviations. The vortex ends at a location 
approximately 9-11.35 inches downstream of the ball valve disturbance, where the maximum and 
minimum pressure values are within the resolution of the gauges.  
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Figure 45. At 98% flow the vertical orientation predicts a vortex length of 11.5 inches (left) and in the sideways orientation flow 
the vortex length approximates to 11.3 inches (right). 
 
Figure 46. At 2% flow the vertical (left) and the sideways (right) orientation predicts no obvious vortex at any location. All 
readings fall within the resolution of the pressure gauge. 
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Figure 47. At 75% flow the vertical orientation (left) predicts a vortex length of 11.2 inches and in the sideways orientation 
(right) the vortex length approximates to 11.4 inches. 
 
 
Figure 48. At 25% flow the vertical orientation (left) predicts a vortex length of 12.1 inches and in the sideways orientation 
(right) flow the vortex length approximates to 10.2 inches.  
7.4 LEAKS  
Since water is used in the system, pressure losses due to leakages will be visible. The system will 
be visually inspected with water moving through the test rig and in a static pressurized system. 
Additionally, there should be agreement between mass flow at the inlet and outlet. 
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Unfortunately, we had some leakage during testing the entire time. Therefore, the test rig did not 
pass by inspection from the engineering spec table, but we measured the amount of water lost 
during an hour of the pump running constantly and found that the amount of fluid lost while the 
pump is on is 0.12% The loss parameter of the system similar the engineering specifications for 
allowable leakage in the system. The amount lost between was 0.095% and 0.143% based on 1 
hour of testing on separate days and the average was calculated. This amount of loss is acceptable. 
Teflon tape was used to reduce any leaks as much as possible. 
 
7.5 REFLECTION FROM TESTING  
Testing went well, but time was limited due to late delivery of key components like the 
characterized ball valve and flow meters. We had planned to have 4 weeks of testing, but were 
only able to test with the full test rig for one week. Given the time constraint we were not able to 
perform as many tests as we wanted. However, the rig operates as intended and could be used 
in the future for further testing.  
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8 PROJECT MANAGEMENT 
8.1 COMPARISON OF DATA AND THEORY  
Research from Chern, Ming-Jyh [8], Figure 49, and CFD models are used to make vortex length 
predictions to compare with experimental data. Figure 49 provides the dimensionless unit to 
determine length of the vortex based on the diameter of the pipe.  
 
Figure 49. Vortex length prediction from Chern, Ming-Jyh [8], section 2.3. The predicted length is 9 inches when the valve is 
halfway closed and for a pipe diameter of 2 inches. 
8.1.1  2D CFD Model 
 A two-dimensional CFD model was made on the ANSYS platform using Fluent. 
The model takes the test rig and slices a horizontal plane through the center of all 
piping, resulting in a series of long rectangles for pipes with small triangular 
protrusions representing the valves. Note that with only two-dimensions we could 
not capture the true shape of a characterized ball valve, and so results from the 2D 
model reflect a regular ball valve. The results can be seen in Figure 50 below, where 
vortex length ranges is 10 to 12 inches depending on the line and flow condition. 
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Figure 50. Vortex Length results from 2D CFD model. Top: Main Line with 75% flow. Bottom: Pilot Line with 2%flow. 
 
Figure 51. Vortex length results from 2D CFD model. Top: Main Line with 98% flow. Bottom: Pilot Line with 2% flow. 
8.1.2 3D CFD Model 
 The three-dimensional CFD model, also on ANSYS and Fluent, was more 
difficult to get functioning properly. In fact, we did not achieve the three-
dimensional model that we aimed for to completely characterize Solar’s system. 
Our final model did not meet criteria requested by industry for a fluid system 
like this in regards to mesh quality. Therefore the results from our 3D model 
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should be used for study and future work but not as reported data. For example, 
one conclusion from the 3D model is that the vortex revolves in three 
dimensions, as can be seen in the Figure 51, but these results should be designed 
around. 
 
Figure 52. Vortex Length results from 3D CFD model of main line with 98% flow. Top: isometric view. Bottom: top view. 
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Figure 53. Vortex Length results from 3D CFD model of main line with 75% flow. Top: isometric view. Bottom: top view. 
8.1.2 Results 
 Summarized results for vortex length at the halfway closed position are observed 
in Tables 12 and 13. The interesting thing to note is that vortex length in the pilot 
line is not identifiable and the flow is in the laminar region because so little flow 
can pass through the system.  
 
Table 12. Main line Reynolds number and vortex length prediction from theory, 2D CFD, 3D CFD and experimental testing. 
 Reynolds Number Vortex Length [inches] 
Chern, Ming-Jyh [8] 0.64(105) - 1.59(105) 9.0 
2D CFD 98% 44,367 12.0 
3D CFD 98% N/A 9.5 
Experimental 98% 39,400 - 46,700 11.4 
2D CFD 75% 40,573 11.8 
3D CFD 75% N/A 11.5 
Experimental 75% 39,900 - 41,800 11.4 
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Table 13. Pilot Reynolds range and vortex length prediction given from theory, CFD, and experimental testing. 
 
 
 
 
 
 
8.2 BIG PICTURE 
The test rig operates well for Reynolds numbers that are within an order of magnitude of Solar 
Turbine’s system. Although we missed the bar, the experimental information we gathered on a 
system that geometrically replicates Solar’s, is resourceful information that can be passed on to 
the company, and the system can be used again if desired. It can be broken down and stored in a 
small space for transport or while waiting for another senior project group to use it. Future senior 
project teams should see the Operating Manual and Safe Working Procedure, Appendix K, if 
reusing the system. The method for tapping the holes to get pressure readings worked well and 
lasted the entire time during testing. Some factors we believe helped contribute to our functioning 
test-rig is the help we received on selecting a pump from Jason Ritchie at Solar, the safety process 
we walked through with Jim Gearhardt in the ME department, and the electrical set-up for the 
pump control box from Ben Johnson in the EE department. After the entire test rig was assembled 
it functioned as expected. Identifying where pressure measurement devices are needed was the 
main objective for this project. One way to characterize the system is to determine the vortex 
lengths downstream of flow disturbances. The pressure gage system identified that upstream of 
the ball valves the pressure drop is negligible through the tee joint and elbow, therefore one 
pressure device upstream of the tee joint would be sufficient for flow control. Downstream of the 
ball valves the vortex length from the CFD had a 3.5-5.2% difference from experimental values, 
and the prediction from [8] had a 20% difference from experimental values. 
 
8.3 NEXT DESIGN PROJECT 
In general we would have liked to make a functional prototype early on in the design process. It 
would have been hard given the budget and style of the project because of the large number of 
components that the test rig needs, but it may have helped us get more accurate data in the end. 
Early cheap prototyping on future projects will definitely be used by all team members. Cheap is 
the key word here because we found it hard to make a useful prototype for cheap. Instead of 
creating a full prototype identifying the essential components of the system and purchasing them 
early would allow for modular prototype testing. This idea is something we will take to future 
projects as well. On the next project we participate in we will make sure to work hard on the 
modeling of the system earlier in the design process because this can help get better equipment 
for testing and data collection. 
 Reynolds Number Vortex Length [inches] 
Chern, Ming-Jyh [8] 0.64(105) - 1.59(105) 10.0 
CFD 2% 997 10.0 
Experimental 2% 650 - 1370 Not Identifiable 
CFD 25% 13,331 12.0 
Experimental 25% 10,900 - 13,400 11.2 
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9 CONCLUSION 
9.1 PROJECT CONCLUSION 
The overarching goal of the project was to characterize the fuel delivery system, identify vortices, 
and create CFD models that can accurately predict the end of the vortices. The test rig only 
identified major vortices after the main and pilot ball valves. Other pressure measurements 
upstream of the ball valves fell within the resolution of the pressure gauges (±1 psi). Therefore, 
from experimental data the location of pressure measurement devices placed upstream of the ball 
valve throughout the test rig will make no difference for flowrate control.  However, with the 
CFD model, vortices were identified at the tee joint. The vortices were larger when the model was 
calculated in the DLE off mode because a larger portion of the flow moves through the pilot line. 
So, we would caution against putting the pressure measurement devices to close to the tee joint. 
Place the devices at least 4 inches downstream of the tee joint. Throughout the testing period the 
2D CFD insight was used to modify the experiment and change the way the vortices were 
directed. We did not observe any significant changes in the pressure vortex length with a 90 
degree rotation of the ball valve along the pipe axis. Although this was not originally something 
that was intended to be inspected it was interesting to have the model help us identify possible 
data points that we may be missing because of the pressure gauge orientation.   
 
We did achieve 2D models that could accurately predict where the vortices were located, but 3D 
we did not create models that could be trusted because they did not converge. However, there 
are several possible ways to improve the experiment. Creating a DAQ system was out of our 
scope the true uncertainty of our pressure readings may be different. The maximum and 
minimum pressure reading seen over the course of 1 minute was how we determined the 
uncertainty of the system for each pressure location from section 7.3. With a DAQ all the pressure 
readings for 1 minute would be recorded and true uncertainty could be found possibly shifting 
the vortex length observed. Another possibility is extra disturbances introduced by the nature of 
the design. The threaded PVC connections provide a cheap solution, but the connection points 
are not flush with each other introducing extra error into the system.  
 
Given the opportunity to do this experiment again we would like to discuss two major restrictions 
for our design given the path that was decided on following the CDR. First, is using a threaded 
pipe system. The design was useful because we were able to order stock part and cut down on 
manufacturing time, but it provided some obstacles that could have been avoided with a different 
system. Creating a mold for the test rig to get rid of small obstructions in flow like drop offs at 
connection points and unnecessary reductions at the tee joint would help the accuracy of the 
system. Molding would also allow for the tap locations to be designed into the mold relieving the 
need for spacers to make the pressure gages and plugs be flush with the inside of the pipe. With 
gaskets and O-rings the system could be designed to be water tight. The second restriction has to 
do with operating at high pressures. If the system was designed with a blower to use air a mobile 
pitot tube could be used to survey the area after the ball valve. This idea was analyzed before 
CDR, but ultimately the team and Solar decided to take pressure measurements using the method 
that Solar uses (taps in the side of pipe).  
 
9.2 NEXT STEPS  
The next steps for the project would be to enhance the functionality of data collection on the test 
rig. This includes adding features such as a Data Acquisition System (DAQ System), new pipe 
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fittings that would allow us to tap holes at better locations in the system, and additional features 
to be determined by a future team. 
9.2.1 Data Acquisition System (DAQ System) 
 A DAQ system would allow the test rig to track continuous pressure 
measurements in real time, while also capturing the measurement’s fluctuations. 
Having this ability would allow us to learn a little more about our system’s 
behavior as a whole instead of focusing on one section of a pipe at a time. It also 
would give us insight into the transient behavior of the system, an aspect out of 
our scope but could be beneficial to know. An ME professor spoke to our senior 
project class and informed us of the obstacles that come when installing a DAQ 
system, and so these would need to be accounted for in a future project.  
9.2.2 Flexible Pipe Fittings 
 The pipe fittings that were purchased for our test rig were bought as stock parts 
in the standard sizes. Unfortunately, because there was no standard tee with a 
reduction from 2 to 1.5 inches branching off the center line, we had to purchase an 
additional reducer to bring our pipe diameter down to our designed size. The 
additional reducer prevented us from taking pressure readings very close to the 
tee joint because we could not tap holes into its side walls. A direct reducing tee 
joint would prove to be more beneficial, however, it would have to be a custom 
part. 
9.2.3 Revisit a Pitot Tube Design 
 Mentioned above a pitot tube would allow for a complete survey of the area after 
the tube. The benefit of this would be getting a better sense for the flow after the 
ball valve by taking many pressure measurements at multiple heights throughout 
the tube. However, the design of this is not trivial and would involve some 
electronic controls to track vertical and horizontal position in the tube for accuracy.  
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Appendix A: QFD House of Quality 
A-1
Appendix B.1: Decision Matrix 
Weight Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 
Compressor, 
Collection of Pipes, 
Commercially 
Threaded Fitting, 
horizontal model, 
Peg board 
Compressor, 
Series of Taps, 
Commercially 
Threaded Fitting, 
horizontal model, 
Peg board 
Compressor, 
Telescoping Pitot 
Tube, Commercially 
Threaded Fitting, 
horizontal model, 
Peg board 
Compressor, 
Collection of 
Pipes, Eliminate 
joints, horizontal 
model, Movable 
Blocks 
Compressor, 
Collection of 
Pipes, Gasket, 
horizontal 
model, Slider  
Accuracy 5 5 0 -5 5 5 
Safe 4 4 0 -4 -4 0 
Reliable 4 4 0 -4 0 0 
Portable 2 -2 -2 -2 0 2 
Retrieves Pressure 5 5 5 0 5 5 
Retrieves Flowrate 3 0 0 0 0 0 
Time for Iteration 3 0 3 3 -3 0 
Potential For Leaks 5 0 -5 0 5 0 
Low Number of Parts 1 -1 1 0 0 -1
Total 15 2 -12 8 11 
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Appendix B.2: Pugh Matrices & Morph Chart 
Function: Taking Pressure Measurements. 
Function: Visualizing Flow. 
Function: Eliminating Leaks. 
Criteria/Concept 
Datum 
Wind-
tunnel 
Series of 
Taps 
Telescoping 
Pitot Tube 
Collection 
of pipes 
Cost S + - - 
Time required for setup S + + - 
Time required for data collection S + + + 
Accuracy S + + + 
Variability S + + - 
Non-invasive S - + + 
Longevity S + + + 
Criteria/Concept 
Datum 
Strobe 
Light Smoke Powder String 
Cost - - + + 
Time required for setup + - - - 
Time required for data collection + + + + 
Accuracy + + + - 
Variability + + + - 
Non-invasive + + + + 
Longevity + - - + 
Criteria/Concept 
Brass Threaded 
Fitting Gasket Paste 
Eliminate 
Joints 
Check and 
Patch Holes 
Cost S + + + + 
Reliability S S - + - 
Modularity S S - - S 
Safety S - - S - 
Effectiveness S S + + - 
Longevity S - + + - 
Ease of use S + - - S 
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Appendix B.2: Pugh Matrices & Morph Chart (continued) 
Criteria/Concept 
Heat Transfer AC 
Unit (DATUM) 
Vertical Model 
with Wheels 
Free-form 
Blocks 
8020 Horizontal 
with Wheels 
Footprint S S - - 
Cost S S + - 
Portable S + - - 
Aesthetics S + - - 
Safe S S - + 
Function: Mounting Test Rig. 
Criteria/Concept 
Blocks as Stands 
(DATUM) Peg Board Mount with Sliders 
Low Cost S - - 
Safe S - + 
Effective S + + 
Easy to Use S - + 
Robust S + + 
Function: Adjusting Test Rig. 
Options 
Move Air Compressor Manual Pump Balloon Fan 
Determine 
Vortex Length Windtunnel Seires of Taps 
Telescoping Pitot 
Tubing 
Collection 
of Pipes 
Prevent 
Leakage 
Commercial 
Threaded Fitting Gasket Eliminate Joints 
Chack and 
Patch 
Holes 
Hold Test Rig Heat Transfer AC Unit Vertical Model Horizontal Model 
Free-Form 
Blocks 
Adjust Test Rig 
Lengths 
Heat Transfer 
Experiment Moveable Blocks Peg Board 
Slider 
Tracks 
Morph Chart 
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Appendix C.1: Boundary Conditions 
Case 1 Case 2 
Ae (in2) D (in) DLE Mode On DLE Mode Off
Main 0.3486 0.666222 [psig]
Pilot 0.0288 0.191492 [SCFM] 631 286
[SCFM] 1222 946
% 2 25
% 2 19
Case 1 Case 2 
Ae (in2) D (in) DLE Mode On DLE Mode Off
Main 0.7657 0.98738 [psig]
Pilot 0.0993 0.355574 [SCFM] 1937 1611
[SCFM] 4041 3432
% 6 19.4
% 6 27
Case 1 Case 2 
Ae (in2) D (in) DLE Mode On DLE Mode Off
Main 1.127 1.19789 [psig]
Pilot 0.2086 0.515362 [SCFM] 3166 2587
[SCFM] 6495 4009
% 4 39
% 4 36
Orfice Plate Hole Sizing
Orfice Plate Hole Sizing
Configuration 1
Configuration 2
Orfice Plate Hole Sizing
Supply Pressure 
Min Total Flow
Max Total Flow
Pilot Ratio at Min Flow
Pilot Ratio at MaxFlow
Pilot Ratio at MaxFlow
Supply Pressure 
Min Total Flow
Max Total Flow
Pilot Ratio at Min Flow
Pilot Ratio at MaxFlow
Configuration 3
Supply Pressure 
Min Total Flow
Max Total Flow
Pilot Ratio at Min Flow
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Appendix C.4: Radial Stress Analysis in PVC Pipe 
C.4-1
Appendix C.4: Radial Stress Analysis in PVC Pipe (continued) 
Diameter 
(in.) 
Tangential Stress 
(psi) 
Radial Stress 
(psi) 
Max Shear Stress 
(psi) 
Safety 
Factor 
Sc
he
du
le
 4
0 
 1/2 1649 -500 1074 3.7 
 3/4 2027 -500 1263 3.2 
1  2169 -500 1335 3.0 
1 1/4 2642 -500 1571 2.5 
1 1/2 2942 -500 1721 2.3 
2  3275 -500 1887 2.1 
Sc
he
du
le
 8
0 
 1/2 1181 -500 840 4.8 
 3/4 1439 -500 969 4.1 
1/ 1563 -500 1032 3.9 
1 1/4 1883 -500 1192 3.4 
1 1/2 2076 -500 1288 3.1 
2  2411 -500 1455 2.7 
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Appendix D: Design Hazard Checklist 
 DESIGN HAZARD CHECKLIST 
Team:  61 - Go With The Flow Advisor: Dr. Rossman        Date: 2/15/19 
Y N 
  1. Will the system include hazardous revolving, running, rolling, or mixing actions?
  2. Will the system include hazardous reciprocating, shearing, punching, pressing, squeezing,
drawing, or cutting actions?
  3. Will any part of the design undergo high accelerations/decelerations?
  4. Will the system have any large (>5 kg) moving masses or large (>250 N) forces?
  5. Could the system produce a projectile?
  6. Could the system fall (due to gravity), creating injury?
  7. Will a user be exposed to overhanging weights as part of the design?
  8. Will the system have any burrs, sharp edges, shear points, or pinch points?
  9. Will any part of the electrical systems not be grounded?
  10. Will there be any large batteries (over 30 V)?
  11. Will there be any exposed electrical connections in the system (over 40 V)?
  12. Will there be any stored energy in the system such as flywheels, hanging weights or pressurized
fluids/gases?
  13. Will there be any explosive or flammable liquids, gases, or small particle fuel as part of the
system?
  14. Will the user be required to exert any abnormal effort or experience any abnormal physical
posture during the use of the design?
  15. Will there be any materials known to be hazardous to humans involved in either the design or its
manufacturing?
  16. Could the system generate high levels (>90 dBA) of noise?
  17. Will the device/system be exposed to extreme environmental conditions such as fog, humidity,
or cold/high temperatures, during normal use?
  18. Is it possible for the system to be used in an unsafe manner?
  19. For powered systems, is there an emergency stop button?
  20. Will there be any other potential hazards not listed above? If yes, please explain on reverse.
For any “Y” responses, add (1) a complete description, (2) a list of corrective actions to be taken, and (3) date to 
be completed on the reverse side. 
D-1
Description of Hazard Planned Corrective Action 
Planned 
Date 
Actual 
Date 
The system could produce a 
projectile. Pressurized water 
system (Pmax = 45 PSI) 
Making sure the system is always flooded so not 
air can get in. Ensuring the tapped holes have 
enough material to thread the plugs and Pressure 
transducer fully. 
30/1/19 
Pump has the potential to be 
very loud.   
We are planning on using a commercially 
available pump, which seem to mostly be rated 
<<85 dBA. 12/7/18 
Unsafe usage The device will be stored in the Fluids Lab so 
other people will be around the device. In order 
to prevent any unsafe usage we will be using 
signs to indicate exactly who will be allowed to 
interface with the device per standard with 
experiments in the fluids lab. 
11/8/18 11/8/18 
Emergency Stop The pump we use will have motor started box
with on/off switch for emergencies.  12/7/18 
Our system has high 
flowrates that could cause 
bad leaking if not contained. 
We have to options for solving this problem: 
1. Standard practices for joint connections.
2. Test the system at low pressure before
running higher pressures.
2/1/19 
30/1/19 
2/27/19
1/15/18
3/1/19
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Appendix E - Pump Sizing Report 
On January 30th we found out that our design with Compressor and pvc would not be allowed, 
so we presented these options to Solar on February 1st.   
Identified Solar’s System requirement from the Boundary Conditions provided to us: 
Solar Turbines 
System Properties 
Pressure [Psi] 450 
Temperature [R] 530 
Methane Gas 
Const 
[ft-
lbf/slugR] 3099 
density [slug/ft^3] 0.039 
Diameter [ft] 0.167 
Length [ft] 10 
Area [ft^2] 0.0218 
Low Flow 
Flow rate L [ft^3/min] 9.34 
Velocity L [ft/s] 7.13 
mu 
[lbf s/ 
ft^2] 0.0000002 
Re L 234754 
Friction Factor L 0.0138 
High Flow 
Flow rate H [ft^3/min] 39.9 
Velocity H [ft/s] 30.5 
Re H 1003038 
Friction Factor H 0.0087 
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We then applied the requirements to three different system to see how Solar would want to 
proceed. The high flow condition was not evaluated for option 1 and 2 because it is not 
remotely feasible.  
Option 1 
Pump w/ PVC & h2o Low Flow High Flow 
Density, [slug/ft^3] 1.940 
Dynamic Viscosity, [lbf s/ ft^2] 0.0000023 
Velocity For Similarity [ft/s] 1.670 7.13358532 
Required Flowrate [ft^3/s] 0.036 0.155692948 
[gpm] 16.355 69.87982138 
Required Operating 
Pressure (Major Losses only) 
[psig] 
0.016 0.178899289 
[ft] 
Option 2 
Compressor w/ Metal & Air Low Flow 
Pressure [Psi] 90 
Temperature [R] 529.67 
Air Gas Const 
[ft-
lbf/slugR] 1717 
Density [slug/ft^3] 0.014250475 
Dynamic Viscosity, [lbf s/ ft^2] 3.797E-07 
Velocity For Similarity [ft/s] 37.52 
Required Flowrate [ft^3/s] 0.82 
CFM 49.14 
Required Operating 
Pressure (Major Losses only) 
[psig] 
0.06 
Option 3 
Blower w/ PVC & Air Low Flow 
Pressure [Psi] 14.7 
Temperature [R] 529.67 
Air Gas Const 
[ft-
lbf/slugR] 1717 
Density [slug/ft^3] 0.002327578 
Dynamic Viscosity, [lbf s/ ft^2] 3.797E-07 
Velocity For Similarity [ft/s] 229.7275189 
Required Flowrate [ft^3/s] 5.013881935 
[gpm] 300.8329161 
Required Operating 
Pressure (Major Losses only) 
[psig] 
0.35308657 
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We decided on a pump for Cost, Similarity and Feasibility reasons. The tables below show the 
conditions we calculated out system curves for.  
This table is what our system curve was plotted from. 
Head Loss, [ft^2/s^2], [PSI] Flow Rate 
Ball Valves Open Ball Valves 1/3 
Closed 
Ball Valves 2/3 
Closed 
H P H P H P Q [ft^3/s] Q [gpm] 
220.0 7.30 311.1 8.53 3854.2 56.3 0.093 41.7 
385.3 9.53 547.2 11.71 6845.9 96.6 0.124 55.6 
595.3 12.36 848.3 15.77 10690.1 148.4 0.155 69.6 
849.8 15.79 1214.1 20.69 15386.3 211.6 0.186 83.5 
1148.4 19.81 1644.3 26.49 20934.2 286.4 0.217 97.4 
1491.0 24.43 2138.7 33.15 27333.7 372.6 0.248 111.3 
1877.4 29.63 2697.2 40.68 34584.6 470.3 0.279 125.2 
2307.5 35.42 3319.5 49.06 42686.7 579.4 0.311 139.1 
8982.6 125.35 13030.7 179.89 170499.4 2301.3 0.621 278.2 
19926.1 272.79 29034.2 395.49 383338.8 5168.8 0.932 417.3 
35092.7 477.11 51284.9 695.26 681159.7 9181.1 1.242 556.4 
54453.4 737.95 79753.6 1078.80 1063933.1 14337.9 1.553 695.5 
77986.8 1054.99 114419.1 1545.82 1531637.6 20638.9 1.863 834.6 
Head Loss Parameters 
e/D 
Reynolds 
Range 
Velocity 
Range 
Friction 
Factor Range 
Major 
Loss 
Coeff Tee Elbow 
Main 
Ball 
Pilot 
Ball Reduction 
Height 
Increase 
RF Re V [ft/s] f Kmaj Kt Ke Kmb Kpb Kr Delta H 
5.9988
E-08 300000 4.27 0.0143 7.06 2 10.5 0.5 0.5 3.6 4.338 
400000 5.69 0.0136 6.69 5.5 5.5 
500000 7.11 0.0131 6.43 200 200 
600000 8.54 0.0127 6.22 
700000 9.96 0.0123 6.06 
800000 11.38 0.0120 5.92 
900000 12.80 0.0118 5.80 
1000000 14.23 0.0116 5.70 
2000000 28.45 0.0103 5.09 
3000000 42.68 0.0097 4.78 
4000000 56.91 0.0093 4.57 
5000000 71.13 0.0090 4.42 
6000000 85.36 0.0088 4.31 
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Indented Bill of Material (BOM)
Go With the Flow Test Rig
Assembly Part Description DWG Line # Vendor Qty Cost Ttl Cost
Level Number
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 0 Final Assy 0
1 1 Test Rig 101
2 4882K560 1.25" Pipe, 4" long 4882K560 McMaster Carr 1 1.89 1.89
2 4596K150 1.25" 90 deg bend 4596K150 McMaster Carr 1 4.51 4.51
2 4596K653 1.25" - 1" MNPT x MNPT 4596K653 McMaster Carr 1 6.03 6.03
2 4596K540 1" Connector 4596K540 McMaster Carr 6 3.57 21.42
2 4687T150 1" Pipe", 24" long 4687T150 McMaster Carr 3 7.9 23.7
2 113900-9511 1" Flowmeter Meter 113900-9511 SHOP CROSS (GPI) 3 429 1287
2 4882K750 1" Pipe, 5" long 4882K750 McMaster Carr 5 1.81 9.05
2 4596K655 1" - 1.5" MNPT x MNPT 4596K655 McMaster Carr 3 6.5 19.5
2 4596K560 1.5" Connector 4596K560 McMaster Carr 4 9.37 37.48
2 4596K656 1.5" - 2" MNPT x MNPT 4596K656 McMaster Carr 3 8.3 24.9
2 4596K570 2" Connector 4596K570 McMaster Carr 3 9.84 29.52
2 4882K918 2" Pipe, 12" 4882K918 McMaster Carr 1 12.33 12.33
2 4687T18 2" pipe, 24" long, Tapped 0104687T18 McMaster Carr 5 17.2 86
2 4596K370 2"  Tee 4596K370 McMaster Carr 1 11.6 11.6
2 4687T17 1.5" pipe, 24" long, Tapped 0104687T17 McMaster Carr 5 13.15 65.75
2 4596K160 1.5" 90 deg bend 4596K160 McMaster Carr 3 6.4 19.2
2 4596K170 2" 90 deg bend 4596K170 McMaster Carr 2 7.2 14.4
2 4882K470 1.5" pipe, 3" long 4882K470 McMaster Carr 3 2.04 6.12
2 4882K480 2" pipe, 3" long 4882K480 McMaster Carr 3 3.33 9.99
2 MBV150EPT-PV-C9 1.5" Pilot Valve (90 deg Vee Ball) MBV150EPT-PV-C9
Plast-O-matic (Harrington 
Idustrial Plastics) 1 336 336
2 MBV200EPT-PV-C9 2" Main Valve (90 deg Vee Ball) MBV200EPT-PV-C9
Plast-O-matic (Harrington 
Idustrial Plastics) 1 393 393
2 4506K450 1.5" Shut-off Valve 4506K450 McMaster Carr 1 64.44 64.44
2 4876K460 2" Shut Off Valve 4876K460 McMaster Carr 1 69.44 69.44
2 5218K370 Barbed Connector 5218K370 McMaster Carr 3 2.05 6.15
2 52375K170 1" hose 52375K170 McMaster Carr 50 ft 133
2 5661K550 Worm Drive Clamp 5661K550 McMaster Carr 3 4 12
2 3834K111 Pressure Gauge 3834K111 McMaster Carr 12 161.4 1936.8
2 6802K12 Sealant Tape 6802K12 McMaster Carr 8 2.62 20.96
2 4596K710 1/4" NPT Hex Plugs 4596K710 McMaster Carr 65 2.21 143.65
2 4780K850 1" pressure relief valve 4780K850 McMaster Carr 1 119.06 119.06
2 4596K34 1" Tee NPT 4596K34 McMaster Carr 1 8.8 8.8
2 4876K13 1" shut off valve 4876K13 McMaster Carr 1 12.99 12.99
1 2 Test-Rig Table Assembly 102
2 sourced locally 3/4" Plywood Sheet 8' x 4' 1021 Home Depot 1 35.98 35.98
2 1646A340 Handles 1646A340 McMaster Carr 4 6.3 25.2
2 sourced locally Four-by-Four Legs 1022 Home Depot 1 20 20
2 sourced locally Spacers (made with 2x4) 1023 Home Depot 2 3 6
2 3039T190 2" Clamps 3039T190 McMaster Carr 4 2.88 11.52
2 3039T180 1.5" Clamps 3039T180 McMaster Carr 3 2.67 8.01
2 3039T160 1" Clamps 3039T160 McMaster Carr 3 1.92 5.76
2 90031A245 Short Screws 90031A245 McMaster Carr 1 pack 7.1
2 90031A259 Long Screws 90031A259 McMaster Carr ---
F-1
Appendix F
1 3 Water Delivery Assembly 103
2 31 Pump Assembly 1031
3 45MW21 Pump 45MW20 Grainger (Dayton) 1 711.73 711.73
3 2510MBA2 Manual Switch 2510MBA2 Grainger (Square D) 1 435.03 435.03
3 sourced locally Conduit 10321P Ace Hardware 8 ft 20
3 sourced locally Conduit Adapter 10322P Ace Hardware 4 9 36
3 sourced locally Wiring (14-8 gage) 10323P Ace Hardware 7ft 30
2 32 Trolley Assembly 1032
3 3662K220 Tank 3662K220 McMaster Carr 1 371.19 371.19
3 sourced locally 3/4" Plywood Sheet 8' x 4' 10321Tr Ace Hardware 1 35.98 35.98
3 sourced locally Long Two-by-Four 10322Tr Ace Hardware 4 3 12
3 sourced locally Short Two-by-Four 10323Tr Ace Hardware 2 3 6
3 sourced locally Four-by-Four Risers 10324Tr Ace Hardware 3 20 60
3 2407T810 Locking Caster 2407T810 McMaster Carr 4 14.85 59.4
3 92351A542 Hex Screws 92351A542 McMaster Carr 1 pack 7.24
3 90031A259 Long Screws 90031A259 McMaster Carr 1 pack 10.22
2 33 Pump Entrance Assenbly 1033
3 4596K652 0.75" - 1" MNPT x MNPT 4596K652 McMaster Carr 1 5.63 5.63
3 4876K730 1" Shut Off Valve 4876K730 McMaster Carr 1 12.99 12.99
3 4882K450 1" pipe, 3" long 4882K450 McMaster Carr 1 1.33 1.33
3 4589K960 1" - 1.5" FNPT x MNPT 4589K960 McMaster Carr 1 12.84 12.84
3 4596K160 1.5" 90 deg bend 4596K160 McMaster Carr 1 6.4 6.4
3 4882K570 1.5" Pipe, 4" long 4882K570 McMaster Carr 1 2.41 2.41
Total Parts 199 6902.64
F-2
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3
NOTE:
SEE NEXT PAGE DWG 0b 
for dimensions (total footprint)
ITEM NO. ASSEMBLY NUMBER DESCRIPTION QTY.
1  1 Test Rig Assembly 1
2  2 Test Rig Table Assembly 1
3 3 Water Delivery Assembly 1
Date: 2/15/19Dwg. #: 0a
Assembly #: 0
Scale: 1:18Final Assembly
Cal Poly Mechanical Engineering Drawn by: S. Weinhardt
SOLIDWORKS Educational Product. For Instructional Use Only.
Appendix G - Drawing Package
 194.69 
 48.00 
Date: 2/15/19Dwg. #: 0b
Assembly #: 0
Scale: 1:18Final Assembly
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
SOLIDWORKS Educational Product. For Instructional Use Only.
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28
27
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26
25
NOTE:
SEE NEXT PAGE DWG 0b for dimensions (total footprint)1.
Only 6 Pressure Gauges Pictured2.
Only 10 PVC hex screws picture, all tapped holes will have hex screws during operation3.29
30
ITEM NO. PART NUMBER DESCRIPTION QTY.
1 4882K56 1.25" Pipe, 4" long 1
2 4596K15 1.25" 90 deg bend 1
3 4596K653 1.25" - 1" MNPT x MNPT 1
4 4596K54 1" Connector 6
5 4687T15 1" Pipe", 24" long 3
6 113900-9511 1" Flowmeter Meter 3
7 4882K75 1" Pipe, 5" long 4
8 4596K655 1" - 1.5" MNPT x MNPT 3
9 4596K56 1.5" Connector 4
10 4596K656 1.5" - 2" MNPT x MNPT 3
11 4596K57 2" Connector 3
12 4882K918 2" Pipe, 12"  1
13 4687T18 2" pipe, 24" long, Tapped 3
14 4596K37 2"  Tee 1
15 4687T17 1.5" pipe, 24" long, Tapped 3
16 4596K16 1.5" 90 deg bend 3
17 4596K17 2" 90 deg bend 2
18 4882K47 1.5" pipe, 3" long 3
19 4882K48 2" pipe, 3" long 3
20 11 Pilot Ball Valve 1
21 12 Main Ball Valve 1
22 4506K45 Pilot Shut off Valve 1
23 4876K46 Main Shut off Valve 1
24 5218K37 Barbed Connector 3
25 52375K17 1" hose  3
26 5661K55 Worm Drive Clamp 3
27 3834K12 Pressure Gauge 11
28 4596K71 PVC Hex Screws 55
29 4596K34 1" Tee Joint 1
30 4780K85 Pressure Relief Valve - 30 psi 1 Dwg. #: 0101a Date: 2/15/19
Part #: 1
Scale: 1:8Test Rig Assembly
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
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1.660"
1.278"0.191"Wall Thickness
4"
 
1 1/4 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.71" Thread Engagement
 
4882K56
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
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2 5/32"
2 3/16" 2 5/32"
 
1 1/4 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.71" Thread Engagement 
4596K15
Thick-Wall Dark Gray PVC
Threaded 90° Elbow
© 2013 McMaster-Carr Supply Company
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1.278"
1.660"
0.191"
Wall Thickness
4 1/2"
 
1 1/4 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.71" Thread Engagement
 
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
0.957"
0.179"
Wall Thickness
1.315"
4596K653
Thick-Wall Dark Gray PVC
Reducing Pipe Nipple
© 2013 McMaster-Carr Supply Company
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1 27/32"
2 1/2"
1 13/16"
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement 
4596K54
Thick-Wall Dark Gray PVC
Threaded Coupling
© 2013 McMaster-Carr Supply Company
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1.315"
0.957"0.179"Wall Thickness
24"
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
4687T15
Thick-Wall Dark Gray
PVC Threaded Pipe
© 2013 McMaster-Carr Supply Company
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1.315"
0.957"0.179"Wall Thickness
5"
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
4882K75
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
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1.500"
1.900"
0.200"
Wall Thickness
4 1/2"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
 
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
0.957"
0.179"
Wall Thickness
1.315"
4596K655
Thick-Wall Dark Gray PVC
Reducing Pipe Nipple
© 2013 McMaster-Carr Supply Company
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2 17/32"
3 1/16"
2 1/2"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement 
4596K56
Thick-Wall Dark Gray PVC
Threaded Coupling
© 2013 McMaster-Carr Supply Company
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1.939"
2.375"
0.218"
Wall Thickness
4 1/2"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement
 
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
 
1.500"0.200"Wall Thickness
1.900"
4596K656
Thick-Wall Dark Gray PVC
Reducing Pipe Nipple
© 2013 McMaster-Carr Supply Company
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3 1/32"
3 9/32"
3"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement 
4596K57
Thick-Wall Dark Gray PVC
Threaded Coupling
© 2013 McMaster-Carr Supply Company
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1.939"0.218"Wall Thickness
2.375"12"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement
 
4882K918
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
 24.00 
11x .438, 1/4" NPT 18 Threads Per Inch,
0.20" Thread Engagement
 2.00  2.00 TYP 
 .95 
0.05 M A B
A
B
 1.34 
 1.90 
DIMENSIONS: INCHES
MANUFACTURING:
Mark out Hole locations1.
Secure Pipe2.
Use mill to create holes3.
Date: 2/15/19Dwg. #: 104687T17
Part #: 4687T17
Scale: 1:3Tapped 1.5" Pipe
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
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3"
2 9/32"
2 9/32"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement 
4596K37
Thick-Wall Dark Gray PVC
Threaded Tee
© 2013 McMaster-Carr Supply Company
 24.00 
 1.94 
 2.38 
2.00 2.00  TYP
11x .438, 1/4" NPT, 18 Threads Per Inch
0.218" Thread Engagement 
 1.19 
0.05 M A B
0.05 M A BA
B
DIMENSIONS: INCHES
MANUFACTURE:
Locate hole positions1.
Secure Pipe2.
Use mill to create holes3.
Date: 2/15/19Dwg. #: 0104687T18
Part #: 4687T18
Scale: 1:32" Tapped Pipe
Cal Poly Mechanical Engineering Drawn By: S. Weinahrdt
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1 29/32"
2 17/32" 1 29/32"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement 
4596K16
Thick-Wall Dark Gray PVC
Threaded 90° Elbow
© 2013 McMaster-Carr Supply Company
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2 1/4"
3 1/32" 2 1/4"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement 
4596K17
Thick-Wall Dark Gray PVC
Threaded 90° Elbow
© 2013 McMaster-Carr Supply Company
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1.500"0.200"Wall Thickness
1.900"3"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
 
4882K47
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
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1.939"0.218"Wall Thickness
2.375"3"
 
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement
 
4882K48
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
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3 5/8"
3 1/4"
5 1/4"
5 5/8"
4 7/16"
2 1/4"2 13/16"
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
4506K45
PVC 
Ball Valve
© 2015 McMaster-Carr Supply Company
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4 3/8"
4 1/16"
6 7/16"
6 1/2"
5 1/4"
2 5/8"3 1/4"
2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.76" Thread Engagement
4506K46
PVC 
Ball Valve
© 2015 McMaster-Carr Supply Company
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0.72" 3.06"
For 1"
Hose ID
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
5218K37
Lightweight Plastic Hose
Male Pipe Adapter
© 2015 McMaster-Carr Supply Company
NUMBER
PART
Information in this drawing is provided for reference only.
http://www.mcmaster.com
1 19/64"
1"
5/32"
Wall Thickness
 
1 ft.
with 8" Bend Radius
52375K17
High-Pressure PVC
Clear Tubing
© 2017 McMaster-Carr Supply Company
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0.028"
1/2"
(25 mm to 45 mm)
Clamp ID Range
1" to 1 3/4"
1 17/32"
5/8"
5/16"
Hex
5661K55
Vibration-Resistant Worm-Drive
SAE No. 175 Hose and Tube Clamp© 2015 McMaster-Carr Supply Company
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22 mm
Hex
9/16"
LCD Ht.
2 1/2"
3 1/16"
3 15/16"
1/4 NPT Pipe Size, 18 Threads Per Inch,
0.40" Thread Engagement
2 1/16"
2 7/8"
1 1/16"
3834K13
Digital
Gauge
© 2016 McMaster-Carr Supply Company
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23/32"
7/8"
 
1/4 NPT Pipe Size, 18 Threads Per Inch,
0.40" Thread Engagement
 
4596K71
Thick-Wall Dark Gray PVC
Hex-Head Plug
© 2013 McMaster-Carr Supply Company
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 21 3/4" Plywood Sheet 8' x 4' 1
2 1646A34 Handles 4
3 22 Four-by-Four Legs 4
4 23 Spacers (made with 2x4) 11
5 3039T19 2" Clamps 4
6 3039T18 1.5" Clamps 3
7 3039T16 1" Clamps 4
8 90031A245 Short Screws 16
9 90031A259 Long Screws 16 Dwg. #: 0102a Date: 2/15/19
Part #: 2
Scale: 1:8Test Rig Table Assembly
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 96.00 
 48.00 
 16.20 
Dwg. #: 0102b Date: 2/15/19
Part #: 2
Scale: 1:8Test Rig Table Assembly
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 96.0 
 48.0 
 2.00  4.94 
 1.00 
 4.00 
 .75 
DIMENSIONS: INCHES
TOLERANCE: 
X.XX = 0.05"
XX.X = 0.5"
MANUFACTURE:
All hole locations are typical from each corner1.
Stock Ply (no cut)2.
All holes are pilot holes, 3/32" Drill Bit 3.
Date: 2/15/19Dwg. #: 01021
Part #: 21
Scale: 1:163/4" Pywood 
Cal Poly Mechanical Engineering  Drawn By: S. Weinhardt
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3/8"
1 1/2"
5 5/8"
9/64"
1 1/8"
11/16"
4 15/16"
1 7/8"
#8 Screw Size
1646A34
Dull Finished Aluminum 
Pull Handle
© 2012 McMaster-Carr Supply Company
 16.20 
 3.5 
 3.5 
 1.00 
 1.00 
 1.50 
 1.50 
 4x .125 1.00 
DIMENSIONS: INCHES
TOLERANCE:
XX.XX = 0.05"
Manufacture:
Standard 4x4 cut to length1.
Pilot Holes w/ 1/8" Drill Bit2.
Use hand drill3.
Date: 2/15/19Dwg. #: 01022
Part #: 22
Scale: 1:44x4 Legs 
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 1.50 
 6.00 
 .75  4.50  2x .125 
 2.00 
A
DIMENSIONS: INCHES
MANUFACTURING:
Cut 3.5" side (side A) of 2x4 down to 2 inches1.
Drill Pilot holes for wood screws 2.
Date: 2/15/19Dwg. #: 01023
Part #: 1023
Scale: 1:2Spacers (2x4)
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
NUMBER
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http://www.mcmaster.com
1/8"2 3/8" ID
7/16"1 1/4"
4 1/2"
3039T19
Clamp
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1/8"1 7/8" ID
7/16"1 1/4"
4 1/4"
3039T18
Clamp
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1/8"1 5/16" ID
7/16"1 1/4"
3 3/8"
3039T16
Clamp
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 0.385" 
No. 2
Drive Size
 3/4" 
 0.116" 
 82° 
0.5" Min.
Thread Length
 0.190" 
 3/32" Softwood Drill Bit Size
7/64" Hardwood Drill Bit Size
No. 10
Screw Size
90031A245
Steel Phillips
Flat Head Screw for Wood
© 2018 McMaster-Carr Supply Company
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 0.385" 
No. 2
Drive Size
 3 1/2" 
 0.116" 
 82° 
 2.333" Min. Thread Length 
 0.190" 
 3/32" Softwood Drill Bit Size
7/64" Hardwood Drill Bit Size
No. 10
Screw Size
90031A259
Steel Phillips
Flat Head Screw for Wood
© 2018 McMaster-Carr Supply Company
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2
ITEM NO. ASSEMBLY NUMBER DESCRIPTION QTY.
1 31 45MW21_Pump_Model 1
2 32 Trolley Assembly 1
3 33 Pump Entrance Assembly 1
Date: 2/15/19
Part #: 3
Scale: 1:8Water Delivery Assembly
Cal Poly Mechanical Engineering
Dwg. #: 0103a 
Drawn By : S. Weinhardt
 50.00 
 36.00 
 39.08 
Date: 2/15/19
Part #: 3
Scale: 1:8Water Delivery Assembly
Cal Poly Mechanical Engineering
Dwg. #: 0103b 
Drawn By : S. Weinhardt
21
34
5
6
8
NOTE:
PART 7 is not picture, it is a hex screw to secure the caster wheels
ITEM NO. PART NUMBER DESCRIPTION QTY.
1 3662K220 Tank 1
2 321 3/4" Plywood Sheet 5' x 4' 1
3 322 Short Two-by-Four 2
4 323 Long Two-by-Four 4
5 324 Four-by-Four Risers 3
6 2407T81 Locking Caster 4
7 92351A542 Hex Screws 16
8 90031A259 Long Screws 16 Dwg. #: 01032 Date: 2/15/19
Part #: 32
Scale: 1:8Trolley Assembly
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 36.0 
 .75 
 50.0 
NOTE: 
Thickness is from stock 3/4" plywood, will
be measured before assembly
DIMENSION: INCHES
TOLERANCE: 
XX.X = 0.5"
MANUFACTURE:
Mark w/ Tape Measure 1.
Circular Saw - Cut to length (50")2.
Circular Saw - Cut to Width  (36")3.
Date: 2/15/19Dwg. #: 010321
Part #: 321
Scale: 1:123/4" Plywood 
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 50.0 
 .50 
 1.00 
 1.50 
 1.50 
 3.50 
DIMENSIONS: INCHES
TOLERANCE:
XX.X = 0.1"
MANUFACTURE:
Cut to Length 1.
Mark pilot holes after part 323 is made2.
Drill pilot holes 3/32" Drill Bit (hand)3.
Lab Section:
Date: 2/15/19Dwg. #: 010322
Part #: 322
Scale: 1:6Long 2x4
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 36.0 
 1.5 
 8x .17 0.5   8x .06 
 1.0 
 1.13 
 1.75 
 3.0 
 2.0 
 12.0 
 24.0 
 34.0 
 1.0  3.0 
 .50 
 1.00 
 3.50 
DIMENSIONS: INCHES
HOLES: Pilot holes for wood screws
MANUFACTURE:
Cut to length 1.
Use datum A and B to find hole locations2.
Drill holes (hand)3.
Date: 2/15/19Dwg. #: 010323
Part #: 323
Scale: 1:6Short 2x4
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
 30.0 
 2.50 
 3.5 
 2.5 
 27.5 
 1.75 
DIMENSIONS: INCHES
TOLERANCE:
X.X = 0.5"
X.XX = 0.05"
HOLES: Pilot holes for wood screws, 3/32" Drill Bit
MANUFACTURE:
Cut to length 1.
Cut to heigth for alignment with pump2.
Drill holes (hand)3.
Date: 2/15/19Dwg. #: 010324
Part #: 324
Scale: 1:44x4 Riser 
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
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3 3/16"
2 3/4"
5/64"
5/64"
1"
3 13/16"
2 1/2"
2 1/4"
Swivel Radius
1" Swivel Offset
3"
1 3/4"
For 5/16"
Bolt Size
2407T81
Cart-Smart
Swivel Caster with Brake
© 2013 McMaster-Carr Supply Company
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 0.438" 0.667" Min.Thread Length
 1" 
 0.172" 
 0.250" 
1/4"
Screw Size
92351A542
Hex Head
Screw for Wood
© 2018 McMaster-Carr Supply Company
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 0.385" 
No. 2
Drive Size
 3 1/2" 
 0.116" 
 82° 
 2.333" Min. Thread Length 
 0.190" 
 3/32" Softwood Drill Bit Size
7/64" Hardwood Drill Bit Size
No. 10
Screw Size
90031A259
Steel Phillips
Flat Head Screw for Wood
© 2018 McMaster-Carr Supply Company
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3
4
5
6
ITEM NO. PART NUMBER DESCRIPTION QTY.
1 4596K652 0.75" - 1" MNPT x MNPT 1
2 4876K73 1" Shut Off Valve 1
3 4882K45 1" pipe, 3" long 1
4 4589K96 1" - 1.5" FNPT x MNPT 1
5 4596K16 1.5" 90 deg bend 1
6 4882K57 1.5" Pipe, 4" long 1
Date: 2/15/19Dwg. #: 01033
Part #: 33
Scale: 1:2Pump Entrance Assem
Cal Poly Mechanical Engineering Drawn By: S. Weinhardt
NUMBER
PART
Information in this drawing is provided for reference only.
http://www.mcmaster.com
0.957"
1.315"
0.179"
Wall Thickness
3 1/2"
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
 
3/4 NPT Pipe Size, 14 Threads Per Inch,
0.55" Thread Engagement
 
0.742"
0.154"
Wall Thickness
1.050"
4596K652
Thick-Wall Dark Gray PVC
Reducing Pipe Nipple
© 2013 McMaster-Carr Supply Company
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2 1/16"
2 7/16"
3 9/16"
3 3/8"
1 3/4"
3 7/16"
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
4876K13
Low-Pressure PVC
Ball Valve
© 2015 McMaster-Carr Supply Company
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1.315"
0.957"0.179"Wall Thickness
3"
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
4882K45
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
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2 1/16"
1 11/32"
5/16"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
 
 
1 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.68" Thread Engagement
 
4589K96
Thick-Wall Light Gray CPVC
 Male x Female Hex Reducing Bushing
© 2015 McMaster-Carr Supply Company
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1 29/32"
2 17/32" 1 29/32"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement 
4596K16
Thick-Wall Dark Gray PVC
Threaded 90° Elbow
© 2013 McMaster-Carr Supply Company
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1.500"0.200"Wall Thickness
1.900"4"
 
1 1/2 NPT Pipe Size, 11 1/2 Threads Per Inch,
0.72" Thread Engagement
 
4882K57
Thick-Wall Dark Gray
PVC Threaded Pipe Nipple
© 2013 McMaster-Carr Supply Company
CATALOG NUMBER: 2510 MBA 
RATINGS: 10 HP 
UL FILE/CCN: E4847 CCN NLRV 
CSA FILE/CLASS LR60905 CLAS 3211 05 
WEIGHT: 9 LBS 
WIRE SIZE: M,MOI #1 4 - #8 
TERMINAL TORQUE: 20 LBS IN 
WIRE SIZE: MIP #14 - #6 
TERMINAL TORQUE: 4 LBS IN 
SEPTEMBER 2004 
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DlW. DIMENSIONS: INCHES 
MIWMErERS 
5I:LIARE D 
Schneider Electric 
2510_MBA....NEMA 12 
Project Budget
Go With the Flow Test Rig
Assembly Part Description DWG Line # Vendor Qty Cost Ttl Cost Purchaser 
When 
Purchased Arrival Date
Level Number
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 0 Final Assy 0
1 1 Test Rig 101 4946.68
2 4882K560 1.25" Pipe, 4" long 4882K560 McMaster Carr 1 1.89 1.89 Solar Turbines 3/5/2019 3/20/2019
2 4596K150 1.25" 90 deg bend 4596K150 McMaster Carr 1 4.51 4.51 Solar Turbines 3/5/2019 3/20/2019
2 4596K653 1.25" - 1" MNPT x MNPT 4596K653 McMaster Carr 1 6.03 6.03 Solar Turbines 3/5/2019 3/20/2019
2 4596K540 1" Connector 4596K540 McMaster Carr 6 3.57 21.42 Solar Turbines 3/5/2019 3/20/2019
2 4687T150 1" Pipe", 24" long 4687T150 McMaster Carr 3 7.9 23.7 Solar Turbines 3/5/2019 3/20/2019
2 113900-9511 1" Flowmeter Meter 113900-9511 SHOP CROSS (GPI) 3 429 1287 Solar Turbines 4/15/2019 5/10/2019
2 4882K750 1" Pipe, 5" long 4882K750 McMaster Carr 5 1.81 9.05 Solar Turbines 3/5/2019 3/20/2019
2 4596K655 1" - 1.5" MNPT x MNPT 4596K655 McMaster Carr 3 6.5 19.5 Solar Turbines 3/5/2019 3/20/2019
2 4596K560 1.5" Connector 4596K560 McMaster Carr 4 9.37 37.48 Solar Turbines 3/5/2019 3/20/2019
2 4596K656 1.5" - 2" MNPT x MNPT 4596K656 McMaster Carr 3 8.3 24.9 Solar Turbines 3/5/2019 3/20/2019
2 4596K570 2" Connector 4596K570 McMaster Carr 3 9.84 29.52 Solar Turbines 3/5/2019 3/20/2019
2 4882K918 2" Pipe, 12" 4882K918 McMaster Carr 1 12.33 12.33 Solar Turbines 3/5/2019 3/20/2019
2 4687T18 2" pipe, 24" long, Tapped 0104687T18 McMaster Carr 5 17.2 86 Solar Turbines 3/5/2019 3/20/2019
2 4596K370 2"  Tee 4596K370 McMaster Carr 1 11.6 11.6 Solar Turbines 3/5/2019 3/20/2019
2 4687T17 1.5" pipe, 24" long, Tapped 0104687T17 McMaster Carr 5 13.15 65.75 Solar Turbines 3/5/2019 3/20/2019
2 4596K160 1.5" 90 deg bend 4596K160 McMaster Carr 3 6.4 19.2 Solar Turbines 3/5/2019 3/20/2019
2 4596K170 2" 90 deg bend 4596K170 McMaster Carr 2 7.2 14.4 Solar Turbines 3/5/2019 3/20/2019
2 4882K470 1.5" pipe, 3" long 4882K470 McMaster Carr 3 2.04 6.12 Solar Turbines 3/5/2019 3/20/2019
2 4882K480 2" pipe, 3" long 4882K480 McMaster Carr 3 3.33 9.99 Solar Turbines 3/5/2019 3/20/2019
2 MBV150EPT-PV-C9 1.5" Pilot Valve (90 deg Vee Ball) MBV150EPT-PV-C9
Plast-O-matic (Harrington 
Idustrial Plastics) 1 336 336 Solar Turbines 4/5/2019 4/25/2019
2 MBV200EPT-PV-C9 2" Main Valve (90 deg Vee Ball) MBV200EPT-PV-C9
Plast-O-matic (Harrington 
Idustrial Plastics) 1 393 393 Solar Turbines 4/5/2019 5/1/2019
2 4506K450 1.5" Shut-off Valve 4506K450 McMaster Carr 1 64.44 64.44 Solar Turbines 3/5/2019 3/20/2019
2 4876K460 2" Shut Off Valve 4876K460 McMaster Carr 1 69.44 69.44 Solar Turbines 3/5/2019 3/20/2019
2 5218K370 Barbed Connector 5218K370 McMaster Carr 3 2.05 6.15 Solar Turbines 3/5/2019 3/20/2019
2 52375K170 1" hose 52375K170 McMaster Carr 50 ft 133 Solar Turbines 3/5/2019 3/20/2019
2 5661K550 Worm Drive Clamp 5661K550 McMaster Carr 3 4 12 Solar Turbines 3/5/2019 3/20/2019
2 3834K111 Pressure Gauge 3834K111 McMaster Carr 12 161.4 1936.8 Solar Turbines 3/5/2019 3/20/2019
2 6802K12 Sealant Tape 6802K12 McMaster Carr 8 2.62 20.96 Solar Turbines 3/5/2019 3/20/2019
2 4596K710 1/4" NPT Hex Plugs 4596K710 McMaster Carr 65 2.21 143.65 Solar Turbines 3/5/2019 3/20/2019
2 4780K850 1" pressure relief valve 4780K850 McMaster Carr 1 119.06 119.06 Solar Turbines 3/5/2019 3/20/2019
2 4596K34 1" Tee NPT 4596K34 McMaster Carr 1 8.8 8.8 Team Fund 3/7/2019 3/20/2019
2 4876K13 1" shut off valve 4876K13 McMaster Carr 1 12.99 12.99 Solar Turbines 3/7/2019 3/20/2019
1 2 Test-Rig Table Assembly 102 119.57
2 sourced locally 3/4" Plywood Sheet 8' x 4' 1021 Home Depot 1 35.98 35.98 Team Fund 2/21/2019 -
2 1646A340 Handles 1646A340 McMaster Carr 4 6.3 25.2 Solar Turbines 3/5/2019 3/20/2019
2 sourced locally Four-by-Four Legs 1022 Home Depot 1 20 20 Team Fund 2/21/2019 -
2 sourced locally Spacers (made with 2x4) 1023 Home Depot 2 3 6 Team Fund 2/21/2019 -
2 3039T190 2" Clamps 3039T190 McMaster Carr 4 2.88 11.52 Solar Turbines 3/5/2019 3/20/2019
2 3039T180 1.5" Clamps 3039T180 McMaster Carr 3 2.67 8.01 Solar Turbines 3/5/2019 3/20/2019
2 3039T160 1" Clamps 3039T160 McMaster Carr 3 1.92 5.76 Solar Turbines 3/5/2019 3/20/2019
2 90031A245 Short Screws 90031A245 McMaster Carr 1 pack 7.1 Solar Turbines 3/5/2019 3/20/2019
2 90031A259 Long Screws 90031A259 McMaster Carr --- Solar Turbines 3/5/2019 3/20/2019
1 3 Water Delivery Assembly 103
2 31 Pump Assembly 1031 1232.76
3 45MW21 Pump 45MW20 Grainger (Dayton) 1 711.73 711.73 Solar Turbines 3/7/2019 3/22/2019
3 2510MBA2 Manual Switch 2510MBA2 Grainger (Square D) 1 435.03 435.03 Solar Turbines 3/7/2019 3/22/2019
3 sourced locally Conduit 10321P Ace Hardware 8 ft 20 Team Fund 4/10/2019 3/12/2019
3 sourced locally Conduit Adapter 10322P Ace Hardware 4 9 36 Team Fund 4/10/2019 3/12/2019
3 sourced locally Wiring (14-8 gage) 10323P Ace Hardware 7ft 30 Solar Turbines 4/10/2019 3/12/2019
2 32 Trolley Assembly 1032 562.03
3 3662K220 Tank 3662K220 McMaster Carr 1 371.19 371.19 Solar Turbines 3/5/2019 3/20/2019
3 sourced locally 3/4" Plywood Sheet 8' x 4' 10321Tr Ace Hardware 1 35.98 35.98 Team Fund 2/21/2019 -
3 sourced locally Long Two-by-Four 10322Tr Ace Hardware 4 3 12 Team Fund 2/21/2019 -
H-1
Appendix H
3 sourced locally Short Two-by-Four 10323Tr Ace Hardware 2 3 6 Team Fund 2/21/2019 -
3 sourced locally Four-by-Four Risers 10324Tr Ace Hardware 3 20 60 Team Fund 2/21/2019 -
3 2407T810 Locking Caster 2407T810 McMaster Carr 4 14.85 59.4 Solar Turbines 3/5/2019 3/20/2019
3 92351A542 Hex Screws 92351A542 McMaster Carr 1 pack 7.24 Solar Turbines 3/5/2019 3/20/2019
3 90031A259 Long Screws 90031A259 McMaster Carr 1 pack 10.22 Solar Turbines 3/5/2019 3/20/2019
2 33 Pump Entrance Assenbly 1033 41.6
3 4596K652 0.75" - 1" MNPT x MNPT 4596K652 McMaster Carr 1 5.63 5.63 Solar Turbines 3/5/2019 3/20/2019
3 4876K730 1" Shut Off Valve 4876K730 McMaster Carr 1 12.99 12.99 Solar Turbines 3/5/2019 3/20/2019
3 4882K450 1" pipe, 3" long 4882K450 McMaster Carr 1 1.33 1.33 Solar Turbines 3/5/2019 3/20/2019
3 4589K960 1" - 1.5" FNPT x MNPT 4589K960 McMaster Carr 1 12.84 12.84 Solar Turbines 3/5/2019 3/20/2019
3 4596K160 1.5" 90 deg bend 4596K160 McMaster Carr 1 6.4 6.4 Solar Turbines 3/5/2019 3/20/2019
3 4882K570 1.5" Pipe, 4" long 4882K570 McMaster Carr 1 2.41 2.41 Solar Turbines 3/5/2019 3/20/2019
Total Parts 199 6902.64
H-2
Product: Fuel System Test Rig
Team: Go With The Flow
Design Failure Mode and Effects Analysis
Prepared by: Scott Weinhardt
Date: 10/10/2019
System / 
Function
Potential Failure 
Mode
Potential Effects of 
the Failure Mode
S
e
v
e
ri
ty
Potential Causes of 
the Failure Mode
Current 
Preventative 
Activities
O
c
c
u
re
n
c
e
Current 
Detection 
Activities
D
e
te
c
ti
o
n
R
P
N Recommended 
Action(s)
Responsibility & 
Target 
Completion Date
Actions Taken
S
e
v
e
ri
ty
O
c
c
u
re
n
c
e
C
ri
ti
c
a
li
ty
R
P
N
Water 
Movement / 
provide 
desirable 
flowrate
desirable flowrate not 
met no dynamic similarity 4
1) unmet power needs
from pump
2) not
multispeed/variable in
speed
1) source pump
capable of delivering
desired flow rate
2) if possible, use
pump with variable
flow rate setttings
8 Mass Flow Meter          2 64
Check mass flow 
measurements before 
testing begins
Team 2/28 sourced correct 4 5 2 40
Water 
Movement / 
provide 
enough head
needed head not met pump stalls 4
1) pump does not meet
our desired pressure
2) pump meets our
desired pressure, but not
set at correct setting
1) source pump
capable of delivering
desired pressure
2) if possible, use
pump with variable
pressure setttings
8 Pressure Transducer 2 64
Check pressure 
measurements before 
testing begins
Team 2/28
performed pressure 
calibration over a range 
of pressure values
4 5 2 40
Pipe / limit 
leaks reduction is too abrupt
water is leaked from 
pipes 6
1) connections are not
secured properly
2) lack of o-rings
3) lack of sealant tape
1) use threaded pipe
2) use necessary
amount of o-rings
3) use necessary
amount of sealant
tape
2 Leak Tests        Visual Inspection 2 24 Preliminary leak testing  Team 11/14 sealant tape was used 6 2 1 12
Pipe / simulate 
Solar's fuel 
delivery 
system
incorrect matching of 
geometry within 
Solar's fuel devliery 
system
unaccurate results 8
1) source parts that don’t
match Solar's
2) minor debris within
pipes
1) source correct
parts
2) clear test rig of
debris
6 Investigate Sourced Parts 3 144
Visual test of pipes to 
ensure no debris
Kinematic Similarity 
Analysis
Team 12/14 cleaned pipes after manufacturing 8 5 1 40
Pipe / direct 
water flow into 
pilot & main 
lines
water flow not directed 
correctly incorrect simulation 5
1) leaks
2) blockage within pipes
3) incorrect ball valve
opening
4) sizing missalignment
1) use
sealants/gaskets
2) clear test rig of
debris
3) ensure
connections replicate 
Solar's
4) check mass
flowmeters for flow
through each pipe
5
Leak Tests        
Visual Inspection 
Checking mass 
flow meters
3 75
Preliminary leak testing 
Visual test of pipes to 
ensure no debris
Geometric Similarity 
Analysis
Team 12/14 flow aws directed correctly 1 1 1 1
Pipe / control 
water flow
no method of tracking 
percent openness of 
valve
loss of correlation 
between length of 
vortex and openness of 
valve
8
1) valves lack angle
measurement
2) valves are not
characterized
1) source valves with 
angle openness
readings
2) source
characterized valves
3) create personal
angle measurement
system
4) check mass
flowmeters for flow
through each pipe
3 Confirm with manufacturer 3 72
Begin dialogue with 
manufacturers ensuring 
their valves meet our 
requirements
Team 12/14 ball vale geometry confirmed with Fischer 8 1 1 8
Action Results
FMEA Spreadsheet I-1 Revision Date:  5/29/2019
Appendix I
Product: _____________________________
Team: _____________________________
Design Failure Mode and Effects Analysis
Prepared by: _____________________________
Date: ________________ (orig)
System / 
Function
Potential Failure 
Mode
Potential Effects of 
the Failure Mode
S
e
v
e
ri
ty
Potential Causes of 
the Failure Mode
Current 
Preventative 
Activities
O
c
c
u
re
n
c
e
Current 
Detection 
Activities
D
e
te
c
ti
o
n
R
P
N Recommended 
Action(s)
Responsibility & 
Target 
Completion Date
Actions Taken
S
e
v
e
ri
ty
O
c
c
u
re
n
c
e
C
ri
ti
c
a
li
ty
R
P
N
Action Results
Measurement 
/ collect data inaccurate readings
inaccurate data 
collected 7
1) incorrect reference
datum
2) faulty equipment
3) readings taken near
vortices
1) check reference
datum
2) buy accurate
equipment
3) determine vortex
locations
4
 Read customer 
reviews
Take readings 
away from any 
disturbance        
3 84 Vortex Location Analysis Team 12/14
many pressures taken 
and fluctuation observed 
during testing
7 3 2 42
Measurement 
/ determine 
vortex length
no identification of 
vortex length
cannot determine 
pressure locations 10
1) static pressure
measurement device not
suffficient in capturing
pressure difference from
vortex
2) pitot tube does not fit
inside pipe
1) pitot tube
testing…will it work?
2) ensure opening
into pipe is large
enough for pitot tube
to be inserted
8
Determine 
pressure 
difference in 
relation to 
main/pilot valves
5 400
Ensure multiple tests can 
be performed to determine 
pressure
Team 2/28
had time for many test 
and tried different 
variations
10 6 3 180
Structure / 
constrain 
piping system
pipes are discharged 
test rig
somebody gets 
obstructed by 
discharged pipe
9
1) bolts shear
2) bolts untightened
3) clamps around pipes
are loose
1) source strong
bolts  2) tighten bolts
3) buy clamps that fit
snug around pipes
4) build protection
wall
2
Inspect 
geometric sizes 
of botls & clamps
2 36 Shear Stress Analysis Team 12/14 analysis showed no chance of this 9 2 0 0
Structure / 
support piping 
system
structure collapses damage to piping system/ people 9
1) plywood board breaks
due to weight of pipes      
                   2) table legs
break due to weight and 
vibration
1) buy a strong
structure                  
 2) advise people to
not be under the
structure
2
Read customer 
reviews             
 Inspect wood
2 36 Normal Stress Analysis Team 12/14 analysis showed no chance of this 9 2 0 0
FMEA Spreadsheet I-2 Revision Date:  5/29/2019
Fuel Delivery Simulation 4/29/2019
designsafe Report
Application: Fuel Delivery Simulation Analyst Name(s): Scott, Ben, Ritika , Priscilla
Description: Company: Cal Poly 
Facility Location: Fluid Mechanics Labratory: Building 192-122Product Identifier:
Assessment Type: Detailed
Limits:
Sources:
Risk Scoring System: ANSI B11.0 (TR3) Two Factor
Guide sentence: When doing [task], the [user] could be injured by the [hazard] due to the [failure mode].
/CommentsHazard /
Task
User /
Failure Mode
Risk Reduction Methods
ResponsibleInitial Assessment
Severity
Probability Risk Level
Final Assessment
Severity
Probability Risk Level/Control System /ReferenceItem Id
Status / 
noise / vibration : noise / 
sound levels > 80 dBA 
pump not firmly connected to 
rigid base
LowModerate
Unlikely
Use thin rubber spacer 
between pump mount and 
wood
/Not Applicable
Moderate
Unlikely
Low Complete [4/12/2019]
Ben
adult
first use / test
1-1-1
fluid / pressure : explosion / 
implosion
tapped pipe cannot withstand 
pressure of 45 PSI water 
pressure
HighSerious
Likely
Mechanics of Materials 
Analysis, if not sufficient, 
added spacer for full thread 
engagement
/Not Applicable
Serious
Unlikely
Medium Complete [4/19/2019]
Scott
adult
first use / test
1-1-2
electrical / electronic : 
overloading
incorrect manual motor 
starter
MediumSerious
Unlikely
Gain approval from Campus 
Electrician for our pump 
system
/Not Applicable
Serious
Remote
Low Complete [2/14/2019]
Scott
adult
first use / test
1-1-3
electrical / electronic : water / 
wet locations
because tapped pipe cannot 
withstand pressure of 45 PSI 
the electrical gets wet 
HighSerious
Likely
Use water proof casing for 
electrical systems (NEMA 12 
or NEMA 4 or NEMA 4x for 
starter, weather proof conduit 
and conduit adaptors 
/Not Applicable
Serious
Remote
Low Complete [4/20/2019]
Scott
adult
first use / test
1-1-4
slips / trips / falls : slip
water leaked
LowModerate
Unlikely
Containment and cleaning of 
any spills
/Not Applicable
Moderate
Remote
Negligible On-going [Daily]
Priscilla
/Small drips to clean up 
after testing but no major 
leak issues
adult
normal use
1-2-1
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Fuel Delivery Simulation 4/29/2019
/CommentsHazard /
Task
User /
Failure Mode
Risk Reduction Methods
ResponsibleInitial Assessment
Severity
Probability Risk Level
Final Assessment
Severity
Probability Risk Level/Control System /ReferenceItem Id
Status / 
ergonomics / human factors : 
repetition
threads of tapped locations 
strip
LowModerate
Unlikely
standard procedures, careful 
in set up
/Not Applicable
Moderate
Unlikely
Low Complete [4/29/2019]
Scott
adult
normal use
1-2-2
noise / vibration : noise / 
sound levels > 80 dBA 
becomes loose and rattling 
after some time
MediumSerious
Unlikely
Check after each test run
/Not Applicable
Serious
Remote
Low On-going [Daily]
Priscilla
adult
normal use
1-2-3
fluid / pressure : fluid leakage 
/ ejection
joints cannot seal
MediumModerate
Likely
add sealant tape and ensure 
full thread engagement
/Not Applicable
Moderate
Unlikely
Low Complete [4/29/2019]
Ben
adult
normal use
1-2-4
electrical / electronic : water / 
wet locations
leaks at joint connections
MediumModerate
Likely
Approval from Campus 
Electrician, use water 
tight/rate casings 
/Not Applicable
Moderate
Unlikely
Low Complete [2/14/2019]
Scott
adult
normal use
1-2-5
ergonomics / human factors : 
lifting / bending / twisting
moving table/tank assembly 
alone 
LowSerious
Remote
standard procedures, part of 
the operating procedure for 
moving the test rig is to have 
2 people there at all times 
/Not Applicable
Serious
Remote
Low On-going [Daily]
Priscilla
/We have been testing 
with at least 2 people 
there.
adult
maintenance / lubrication
1-3-1
fluid / pressure : fluid leakage 
/ ejection
improper draining
LowModerate
Unlikely
standard procedures, 
contained drainage so 
system is dry for 
maintenance
/Not Applicable
Moderate
Remote
Negligible On-going [Daily]
Ben
/We use a drain in our 
test room and have not 
had any issues.
adult
maintenance / lubrication
1-3-2
electrical / electronic : lack of 
grounding (earthing or 
neutral)
groud attachment came 
loose 
MediumCatastrophic
Unlikely
Approved Connection from 
Campus Electrician
/Not Applicable
Catastrophic
Remote
Low Complete [4/15/2019]
Ritika 
/Ben hooked us up!
adult
repair tasks
1-4-1
electrical / electronic : 
improper wiring
interpret diagrams wrong
MediumSerious
Unlikely
standard procedures, 
instruction manuals
/Not Applicable
Serious
Remote
Low Complete [4/15/2019]
Ben
adult
repair tasks
1-4-2
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Operators Manual 
1. Set up:
The test rig has 2 major connection points: water delivery to the pump and the pump to the test 
rig. The components are separated because of storage purposes. The operating space used was 
shared so compact storage during the testing period. The water delivery consists of the tank, 
connection pipe, and pump. The test rig consists of all other components including the mounting 
table. The first step is to fill all holes with plugs, Figure 1, and place pressure gauges in the 
correct positions, Figure 2. 
1. Gauges  Holes:
Figure 1. Use plugs (left) for holes (right) that will not be tested. 
Figure 2. Use pressure gauges in holes of interest. Note: holes are too close for the 
current pressure gauge to fit in consecutive holes. Must place gauges every other hole. 
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2. Fill the tank:
Before filling the tank ENSURE THE SHUT OFF VALVE IS CLOSED as pictured in Figure 3. 
Then put the hose into the tank for filling Figure 4. The hose connects to the sink faucet in the 
fluids lab. 
Figure 3. Valve in closed position. 
Figure 4. Filling the tank with pump on trolley
Filling Hose 
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3. Connection:
Use the connection piece show in Figure 5 to connect the water delivery to the test rig. Figure 6 
shows the system totally connected and highlights the three main components: water delivery, 
connection, and test rig. The system is easily separable at the union valve highlighted in Figure 5. 
To close the system ensure that all three clear hoses lead back into the tank as picture in Figure 7. 
Figure 5. Connection piece to separate test rig from water delivery system. 
Figure 6. System connected 
Union 
Connection 
Connection 
to Test Rig Test Rig 
Water 
Delivery 
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Figure 7. Three hoses leading to tanks, (A) main hoe, (B) pilot hose, (C) pressure relief. 
A 
C 
B 
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2. Operation:
After ensuring all connections are made and hoses lead back to the tank the following steps 
provide instructions for operation.  
1. Check that all valves FULLY OPEN except for the tank valve. There are 5 ball valves that
need to be opened: pressure relief shut off, characterized main ball, characterized pilot ball,
main shut off, and pilot shut off. All of these valves should be “inline” with the pipe system
to be open and shown in Figure 8.
Figure 8. Open position for ball valves. 
2. Ensure there is no personnel working on any part of the apparatus.
3. Plug power cord into the outlet and if breaker is in off position switch it to the on position as
directed by Figure 9. If left in the off position nothing with start running.
Figure 9. Outlet used in Fluids Lab room. 
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4. Operator  Press the start button on the motor starter box from Figure 10.
Figure 10. The start button. 
5. Operator  Stays next to Motor Starter while pump is running to observe the conditions of
the tank, hoses, and operate the power button and keeps time for steady state operating point.
It is the operator’s duty to open of close the pressure relief shut off depending on the test
shown in Figure 11.
Figure 11. After steady state achieved approximately 30 sec after start up, close the pressure 
relief valve. 
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6. Other Personnel  Turn Main and Pilot ball valves into the desired position for testing data.
7. Other Personnel  Record data once system has reached steady state.
8. Operator  Once data has been collected press the off button so that the motor turns off.
a. Changing Pressure Gage Locations:
1. Close tank ball valve and end ball valves to isolate the system for minimal leaks during
replacement.
Figure 12. The three valves to close are circled in red. 
2. Remove gauges and replace with plugs
3. Remove 11 plugs and replace with the 11 gauges.
4. Refer back to Section 2: Operation to run a new test.
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b. Draining the System:
1. Turn the tank valve to the closed position.
2. Ensure the grate over the drain is removed and remove hoses from the tank.
Figure 13. Drain with the grate secured. Remove screws circled in red to open the drain for the 
hoses. 
Figure 14. Remove hoses and partially drain into the drain located in the room. 
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3. Once system has appeared to stop draining remove connection between test rig and water
delivery. But keep a bucket underneath the union valve in case there is water still in the
system.
Figure 15. Place a bucket underneath the connection point circle in red. 
3. Repairs
If the spacers break off of the JB Weld like in Figure 16 follow these steps to replace a spacer:
Figure 16. Space broke off due to much torque applied when tightening the plug. 
1. Sand down the JB Weld, Figure 17, until the surface is even. Note that you do not have to get rid
of all the JB Weld.
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Figure 16. JB Weld is not even, sand the area until it is an even curve. 
2. Cut new spacer from 3 inch PVC schedule 40 pipe. The spacer should be approximately 1inch x 1
inch in area.
3. Clean all surfaces with isopropyl alcohol (spacer and pipe).
4. Fill threads of pipe with JB Weld for rethreading.
5. Drill hole in spacer 7/16 inch hole in spacer.
6. Reapply JB Weld to pipe and attach the spacer.
7. Tap the hole with ¼ NPT tap.
Throughout testing tape will need to be reapplied to components that are being replaced and moved 
around like the plugs and pressure gauges. Figure 18 shows a plug that was removed at tape is eft in the 
hole.  
Figure 18. Plug that was removed when changing test configurations. 
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SAFE WORKING PROCEDURE – SENIOR PROJECT GROUP 61 GO WITH THE FLOW 
Accessing Fluids Lab 
i. No team member should be in the lab space doing construction or operating the test rig
individually.
ii. No testing will occur after 10pm.
Constructing the Test Rig 
i. Appropriate PPE (safety glasses, ear plugs) will be worn when appropriate. Safety glasses will be
worn at all times and ear plugs will be used if required power tools operate at above 80 dB. Long
pants and close toed shoes are required.
ii. All hand tools and power tools will be used according to manufacturers’ suggestion. If any team
member is unfamiliar with any tool operation, they will consult other team members or a shop
tech for assistance.
iii. Assembling PVC piping with PVC glue will be done in a well ventilated area and allowed to cure
in a well ventilated as well.
Pre-Test Checklist 
o Ensure tank is more than ¾ full of water, refill if necessary
o Visual inspection of system (no leaks, cracks in piping system)
o Ensure all valves are completely open
o Ensure that starter box is closed
Beginning Tests 
i. All PPE (safety glasses, long pants, close toed shoes) must be worn at all times when running
tests.
ii. Run through Pre-Test Checklist
iii. Install pressure gages and plugs as dictated by testing procedure
iv. Remove electrical plug lockout
v. Plug in electrical
vi. Start-up motor
vii. Allow for 1 minute of running to reach steady state
viii. Adjust valves to desired position as dictated by testing procedure
ix. Allow for 1 minute of running to reach steady state
x. Collect data as needed
Relocating Pressure Gages 
i. Open all valves
ii. Turn off motor
iii. Allow for 1 minute for water to stop moving
iv. Drain system into 5 gal buckets
v. Remove pressure gages and relocate as dictated by testing procedure
vi. Empty 5 gal buckets to main tank
vii. Repeat steps (vi-x) in Beginning Tests as necessary
viii. Repeat steps (i-vii) in Relocating Pressure Gages as necessary
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Ending Tests 
i. Open all valves
ii. Turn off motor
iii. Disconnect electrical
iv. Install electrical plug lockout
v. Allow for 1 minute for water to stop moving
vi. Drain system into 5 gal buckets
vii. Remove pressure gages, dry and store
viii. Empty 5 gal buckets to main tank
ix. Close lid to tank
x. Undo union between trolley and test rig
xi. Return trolley and test rig to storage location
xii. Ensure clean, dry working area before leaving lab space
Miscellaneous 
i. Any new working procedures will be reviewed by Dr. Westphal prior to implementation and
execution
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Team: Go with the Flow
Quantity Type Start date Finish date Test Result Quantity Pass Quantity Fail
1 1. Radial Stress
The  component with the lowest rated 
pressure is 150 psi. We will ensure 
that no team member will  run system 
above 50 psi
No yielding or critical 
failures due to radial 
stress
Ben Rydberg SP
1 (both 
configuratio
ns)
Sys 3/1/2019 3/7/2019 Max pressure in system is 35psi in preliminary testing Pass -
2 2. Pressure ReadingResolution
Since water is used in the system, 
pressure losses due to leakages will be 
visible. The system will be visually 
inspected with water moving through 
the test rig and in a static pressurized 
system. Agreeance between mass flow 
meters at the intel and outlet above 
99% 
No visible leaks in 
the running and 
static test. Sum of 
mass flow through 
two outlet pipes 
divided my inlet 
mass flowis greater 
than 0.99
Priscilla Ng SP 2 Sys 3/1/2019 3/7/2019
Some leaks observed, 
added extra layers of 
plumber's tape to eliminate 
leaks and reapplication 
everytime components are 
unthreaded and rethreaded
Pass
3 3. Reynolds Number
Record flow rates to get the maximum 
and minimum reynolds number of the 
system
within an order of 
magnitude of Solar's 
system
Scott Weinhardt SP 2 Sys 3/1/2019 3/7/2019
Table is designed to 
accommodate additional 
configurations if required
Pass
4 4. Noise Level Use a sound level meter next to the running system < 80 dB Ritika Makijani SP 2 C 3/1/2019 3/7/2019
Upon inspection te pump did 
not operate loudly enough 
for ear plugs
Pass
5 5. Vortex Length find the stablwe region of flow TBD Scott Weinhardt SP 2 Sys 5/20/2019 5/25/2019 found a vortex length Pass
6 6. System Geometry get a ball valve with 90 degree cut 90 degree vut Ben Rydberg SP 2 Sys 5/20/2019 5/25/2019 got a 90 degree valve Pass
7 7. Fluid Leakage inspect for leaks and test for amount lost if any is lost <0.2% Priscilla Ng SP 2 Sys 5/20/2019 5/25/2019 was 0.12% loss Pass
Failure Modes
1 Potential Projectiles
Eliminate possiblity of projectiles by 
threading everything. Potential 
projectiles (adapter pieces) will be 
permanatly fixed to the PVC with 
epoxy. First pressurized test will be 
under a containment feature
No projectiles Ben Rydberg CP, SP 2 Sys 3/1/2019 3/7/2019
No sign of potential 
projectiles form preliminary 
testing. No leaks or signs of 
damage from running a 
pressurized system during 
preliminary testing 
Pass
2 Test Rig and CFD Agreeance
Pressure data will be taken at each 
port location and recorded for 
comparison with CFD models created
All pressures 
recorded are within 
10% of the predicted 
models from CFD 
Ritika Makijani FP 2 Sys 3/1/2019 4/30/2019
The CFD and test rig did not 
result in the same vortex 
length prediction
Fail
Senior Project DVP&R
TEST PLAN TEST REPORT
Item
No
Specification # Test Description Acceptance Criteria Test Responsibility Test Stage
SAMPLES  TIMING TEST RESULTS NOTES
Date: 2/7/19 Sponsor: Solar Turbines DVP&R Engineer: Scott WeinhardtDescription of System: PVC testrig with circulating water to test pressure distribution
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Item 0: Preliminary Leak Test
Description of Test: 
Visually observe if leaks occur in the unpressurized test rig. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
No observable leaks. 
Required Materials: 
1. Water
2. Test Rig (No pump needed)
3. Observers
Testing Protocol: 
1. Under Atmospheric Pressure:
a. Fill water tank with water
b. Open tank shut off valve
c. Fill test rig using the pressure head from water level in tank.
d. Wait 20 minutes
e. Inspect the connection points for leaks
Data:
Pressure Level Pressure (psig) Observable Leaks? (Y/N) 
Atmospheric 1 N 
Circle one: 
Pass/Fail 
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Item 1: Leaks
Description of Test: 
Visually observe if leaks occur at various system pressure values 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Negligible leaks, <0.2%. 
Required Materials: 
1. Water
2. Test Rig
3. Observers
4. Measuring Bucket
Testing Protocol: 
1. Under System’s Operating Pressure:
a. Fill water tank with water
b. Turn on pump
c. Open tank shut off valve
d. Fill test rig
e. Run test rig at steady state for 20 mins
f. Inspect the connection points for leaks
g. Repeat test with characterized ball valves 1/3 closed and 2/3 closed
Data:
Characterized Ball 
Valve position 
Pressure (psig) Leaks (Y/N) <0.2% (Y/N) 
Open 18 Y Y 
1/3 closed 25 Y Y 
2/3 closed 35 Y Y 
Circle one: 
Pass/Fail 
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Item 2: Pressure Measurement Device Calibration
Description of Test: 
Take pressure measurements at the same position and conditions with all 12 pressure gages 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure gages read within 2 psi of one another at same location and operating pressures 
Required Materials 
1. Complete test rig system with pump
2. Test table and trolley
3. Pressure gages
4. Plugs
Testing Protocol: 
1. Install 1st pressure gage at fifth pressure hole after inlet, all other holes are plugged
2. Start-up pump with all valves completely open
3. Take pressure measurement at fifth pressure hole using 1st pressure gage
4. Turn off system and substitute 1st pressure gage for the 2nd pressure gage
5. Repeat steps 1-4 for all 12 pressure gages
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Data: 
Ball valve completely open 
Pressure 
Gage 
Reading 1 [psi] Reading 2 [psi] Reading 3 [psi] 
Low High Low High Low High 
1 7.7 7.8 7.6 7.8 7.7 7.8 
2 7.5 7.6 7.4 7.6 7.4 7.8 
3 7.5 7.6 7.5 7.8 7.5 7.8 
4 7.6 7.7 7.5 7.6 7.6 7.7 
5 7.6 7.7 7.5 7.7 7.6 7.7 
6 7.6 7.7 7.5 7.7 7.6 7.7 
7 7.4 7.5 7.7 7.8 7.5 7.6 
8 7.3 7.4 7.4 7.5 7.3 8.2 
9 7.4 7.7 7.4 7.6 7.4 7.7 
10 7.4 7.5 7.3 7.5 7.4 7.5 
11 7.7 7.8 7.6 7.7 7.7 7.8 
12 7.2 7.6 7.3 7.7 7.1 8.2 
Circle one: 
Pass/Fail 
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Item 3: Determine Stable Pressure Field (Upstream of Tee Joint), Section 1
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
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Data: 
Segment 1 
Port Location [in.] Gauge  Pilot set to 25% flow  Pilot set to 2% flow 
Low High Avg Low High Avg 
1 1.25 
2 3.25 2 24.2 26.0 25.1 27.9 30.7 29.3 
3 5.25 
4 7 10 24.2 25.7 25.0 28.2 30.3 29.3 
5 9 
6 11 6 24.2 25.9 25.1 28.6 30.5 29.6 
7 12.75 
8 14.75 9 24.1 25.8 25.0 28.5 30.4 29.5 
9 16.5 
10 18.5 7 23.5 26.7 25.1 27.7 30.2 29.0 
11 20.5 7 24.2 26.0 29.4 28.5 30.2 25.1 
Comments: 
No vortex observable, all pressure reading at within ±1psi. All port locations with no associated data 
reading is because the flow was observed to be stable, so for time constraints these were not recorded. 
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Item 4: Determine Stable Pressure Field (Upstream of Main Valve)
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
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Data: 
Segment 2 
Port Location [in.] Gage Main at 75% Main at 98% 
Low High Avg Low High Avg 
1 3 10 24.2 25.5 24.9 28.4 30.6 29.5 
2 4.75 1 25.0 25.9 25.5 29.1 30.0 29.6 
3 6.5 2 24.5 26.1 25.3 28.7 31.7 30.2 
4 8.5 
5 10.5 7 24.4 26.0 25.2 28.5 30.3 29.4 
6 12.25 
7 14.25 3 24.4 25.8 25.1 29.0 30.1 29.6 
8 15.75 
9 17.75 10 24.8 25.7 25.3 28.0 30.2 29.1 
10 19.5 
11 21.5 2 23.9 26.5 25.1 28.8 30.1 5.5 
Comments: 
No vortex observable, all pressure reading at within ±1psi. All port locations with no associated data 
reading is because the flow was observed to be stable, so for time constraints these were not recorded.
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Item 5: Determine Stable Pressure Field (Downstream of Main Valve)
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
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Data: 
Segment 3 Vertical 
Port Location [in.] Gage Main at 75% Main at 98% 
Low High Avg Low High Avg 
1 3 2 10.2 11.2 10.7 11.5 13.0 12.3 
2 4.75 7 9.4 12.4 10.9 11.6 13.9 12.8 
3 6.5 3 10.6 11.1 10.9 11.6 13.0 12.3 
4 8.25 10 9.6 11.7 10.7 10.8 13.8 12.3 
5 10 1 10.0 11.3 10.7 11.4 13.3 12.4 
6 11.75 1 10.0 11.3 10.7 12.1 13.3 12.7 
7 13.5 10 10.2 10.9 10.6 11.8 13.1 12.5 
8 15.25 4 9.9 11.5 10.7 11.7 13.4 12.6 
9 17 7 10.6 11.4 11.0 11.6 13.0 12.3 
10 18.75 5 10.1 11.6 10.9 11.9 13.6 12.8 
11 20.5 
Segment 3 Sideways 
Port Location [in.] Gage Main at 75% Main at 98% 
Low High Avg Low High Avg 
1 3 2 9.7 12.3 11.0 11.1 13.1 12.1 
2 4.75 7 9.2 11.6 10.4 11.0 13.2 12.1 
3 6.5 3 10.7 11.8 11.3 11.9 13.0 12.5 
4 8.25 10 9.2 11.3 10.3 11.0 14.1 12.6 
5 10 1 10.0 12.9 11.5 11.0 14.0 12.5 
6 11.75 1 10.4 11.3 10.9 11.4 13.0 12.2 
7 13.5 10 10.2 11.6 10.9 11.6 12.9 12.3 
8 15.25 4 9.9 11.0 10.5 10.9 12.9 11.9 
9 17 7 10.5 12.1 11.3 11.6 13.1 12.4 
10 18.75 5 9.7 11.1 10.4 11.6 13.0 12.3 
11 20.5 
NOTE: Plots on the left are in the vertical position, plots on the right represent the sideways 
position. 
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Comments: 
Data shows that a vortex region does exist after the ball valve and is approximately in the same 
location for all 4 conditions, ranging from 10.8 inches to 11.3 inches. 
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Item 6: Determine Stable Pressure Field (Downstream of Tee Joint, Upstream of 
Elbow)
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
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Data: 
Segment 4 
Port Location [in.] Gage Pilot at 25% Pilot at 2% 
Low High Avg Low High Avg 
1 9.5 3 24.2 25.4 24.8 28.6 30.1 29.4 
2 11.5 
3 13.5 4 24.6 25.8 25.2 28.8 29.6 29.2 
4 15.5 
5 17.5 1 24.4 25.6 25.0 28.8 30.0 29.4 
6 19.5 
7 21.5 5 24.3 25.8 25.1 28.9 30.0 29.5 
8 23.5 
9 25.5 11 24.4 25.7 25.1 28.9 30.7 29.8 
10 27.5 5 24.9 26.0 25.5 28.5 30.0 29.3 
11 29.5 5 24.7 25.9 28.9 28.7 29.0 28.9 
Comments: 
No vortex observable, all pressure reading at within ±1psi. All port locations with no associated data 
reading is because the flow was observed to be stable, so for time constraints these were not recorded. 
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Item 7: Determine Stable Pressure Field (Upstream of Pilot Valve)
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
L-15
Data: 
Segment 5 
Port Location [in.] Gage Pilot at 25% Pilot at 2% 
Low High Avg Low High Avg 
1 3 3 24.7 26.0 25.4 28.7 30.1 29.4 
2 4.75 6 24.8 26.0 25.4 28.9 30.0 29.5 
3 6.75 6 24.8 25.9 25.4 28.7 29.2 29.0 
4 8.75 11 24.9 25.7 25.3 29.3 30.1 29.7 
5 10.75 4 24.6 25.7 25.2 28.8 29.6 29.2 
6 12.75 
7 14.75 1 25.2 25.5 25.4 29.1 29.7 29.4 
8 16.75 4 24.7 25.6 25.2 28.8 30.1 29.5 
9 18.75 11 24.9 25.9 25.4 28.9 30.0 29.5 
10 20.75 9 25.1 25.9 25.5 29.3 30.0 29.7 
11 22.5 9 24.4 26.0 29.5 28.8 30.2 29.5 
Comments: 
No vortex observable, all pressure reading at within ±1psi. All port locations with no associated data 
reading is because the flow was observed to be stable, so for time constraints these were not recorded. 
25.0
25.5
26.0
0 5 10 15 20 25
Pr
es
su
re
 [p
si]
X-wise Location [in]
Segment 5 - 25% Flow
28.5
29.0
29.5
30.0
0 5 10 15 20 25
Pr
es
su
re
 [p
si]
X-wise Location [in]
Segment 5 - 2% Flow
L-16
Item 8: Determine Stable Pressure Field (Downstream of Pilot Valve)
Description of Test: 
Collect pressure measurements along area of interest. Plot data collected from pressure gauges. 
Location: 
Cal Poly Fluids Lab Back Storage Room 
PPE Required: 
Close Toed Shoes, Safety Glasses 
Acceptance Criteria: 
Pressure measurements are within ±1psi 
Required Materials:
1. Test Rig
2. Data Collection Table
3. Data Analysis System
Testing Protocol: 
1. Install 10 pressure gages in every other tapped hole
2. Start pump/system
3. Adjust the main valve to the half 50% closed position with 75% of the flow, and the pilot ball
valve to have 25% of the flow.
4. Allow for the system to reach steady state
5. Record the highest and lowest pressures observed from the gauges while being observed in steady
state flow for one minute.
6. Record flowrate.
7. Turn off pump
8. Repeat steps (4-7) with the main valve to the half 50% closed position with 98% of the flow, and
the pilot ball valve to have 2% of the flow.
9. Plot data.
10. Determine where pressure measurements are within ±1psi
11. Record location flow field stabilization
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Data: 
Segment 6 Vertical 
Port Location [in.] Gage Pilot at 25% Pilot at 2% 
Low High Avg Low High Avg 
1 3 4 1.60 1.70 1.65 0.60 0.70 0.65 
2 4.75 11 1.10 2.70 1.90 0.60 0.70 0.65 
3 6.5 9 1.60 1.80 1.70 0.60 0.70 0.65 
4 8.25 6 1.40 2.20 1.80 0.50 0.60 0.55 
5 10 6 1.60 1.70 1.65 0.60 0.60 0.60 
6 11.75 2 1.70 2.20 1.95 0.50 0.60 0.55 
7 13.5 11 1.80 1.90 1.85 0.80 0.80 0.80 
8 15.25 3 1.60 1.80 1.70 0.50 0.60 0.55 
9 17 5 1.60 1.70 1.65 0.60 0.70 0.65 
10 18.75 9 1.70 1.80 1.75 0.50 0.60 0.55 
11 20.5 
Segment 6 Sideways 
Port Location [in.] Gage Pilot at 25% Pilot at 2% 
Low High Avg Low High Avg 
1 3 4 1.50 2.20 1.85 0.70 0.80 0.75 
2 4.75 11 1.30 2.40 1.85 0.60 0.70 0.65 
3 6.5 9 1.60 1.80 1.70 0.70 0.80 0.75 
4 8.25 6 1.40 2.10 1.75 0.50 0.60 0.55 
5 10 6 1.60 1.70 1.65 0.70 0.70 0.70 
6 11.75 2 1.60 1.80 1.70 0.50 0.60 0.55 
7 13.5 11 1.70 1.90 1.80 0.80 0.90 0.85 
8 15.25 3 1.60 1.80 1.70 0.50 0.60 0.55 
9 17 5 1.60 1.70 1.65 0.70 0.80 0.75 
10 18.75 9 1.60 1.70 1.65 0.50 0.60 0.55 
11 20.5 
NOTE: Plots on the left are in the vertical position, plots on the right represent the sideways 
position. 
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Comments: 
Data shows that a vortex region does exist after the ball valve but only when the flowrate is at 
25%. Ranging from 10.2 in the sideways position inches to 12 inches in the vertical positon. 
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